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Abstract 
 
The spontaneous generation of complex structures from polymeric building blocks 
provides a simple yet effective route to create useful soft matter structures having potential 
application in a variety of nanotechnologies. The topology, chemical structure, block 
composition, and sequence of the constituent building blocks of polymers are tunable through 
synthetic chemistry. This tunability offers attractive opportunities to generate complex, yet well-
defined structures with control over the geometry, packing symmetry, and microdomain 
structure. This thesis work involves the study of the self-assembly behaviors of architecturally 
complex amphiphilic block copolymers (ABCs). ABCs are composed of two or more chemically 
distinct blocks that are covalently bonded together. Because of the thermodynamic 
incompatibility between the blocks, they self-organize through microphase separation. Systems 
studied include multiblock linear copolymers, star-like copolymers and graft copolymers. 
The self-assembly behaviors of polystyrene-poly(2-vinylpyridine) (PS-PVP) block 
copolymers have been systematically investigated in solution and in thin films. Binary mixtures 
containing linear diblock and triblock copolymers of different block lengths and star block 
copolymers having different numbers of constituent arms and composition were also 
investigated. In general, the ensembles that consist of monomodal PS-PVP block copolymers 
exhibit simple nanoparticle-like structures. In contrast, binary mixtures of PS-PVP block 
copolymers with different component architectures produce a wider variety of micellar 
aggregates, including particle-like, worm-like and hierarchical structures, owing to the complex 
architecture-induced diversity of microphase segregation behaviors in the mixed systems.  
  vii 
In addition to studies of copolymer mixtures, the links between sequence, and 
composition on the self-assembly properties of a series of PLA-PEG containing bottlebrush 
copolymers were investigated in solution. It is found that the composition and sequence of the 
side-chains dictated the stability, thermodynamics, and size of micelle formation.  
These studies clarify the self-assembly properties of ABCs and provide new insights into 
how micellar structures can be controlled by tuning macromolecular architecture, sequence, and 
polymer composition, as well as, in the case of mixtures, blend ratio. This work is expected to be 
valuable for understanding the self-assembly of complex copolymeric systems, which may find 
use in a variety of applications ranging from personalized medicine to environmental 
remediation, and lays the groundwork for self-assembly processing. 
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Chapter 1: Introduction 
  
  2 
1.1 Self-assembly of amphiphilic block copolymers 
Self-assembly is the spontaneous process whereby complex structures are generated from 
simple building blocks. Self-assembly drives most environmental processes,
1
 and it can be used 
as a tool in chemistry and materials science to produce well-organized constructs in which the 
properties and interactions can be accurately predicted and controlled.
2
 The two main types of 
self-assembly processes that exist are static and dynamic self-assembly. In static self-assembly 
the system undergoes energy minimization and reaches global or local equilibrium. On the other 
hand, in dynamic self-assembly well-organized constructs arise from local interactions between 
components within the system;
1
 However, if the energy dissipation is altered, the system 
transitions to a new state, which could include disassembly.
3
 Self-assembled systems have found 
many applications, including as templates for nanoparticle synthesis
4
 and patterned surfaces,
5
 
and as scaffolds for cell growth.
6
 
Block copolymers have been the subject of intense research over the past 30 years,
7-12
 in 
part because they mimic simplified versions of complex polymeric systems found in Nature. 
Amphiphilic (“dual loving”) block copolymers (ABCs) are long-chain amphiphiles that contain a 
solvophobic (solvent-fearing) block and a solvophilic (solvent-loving) block that are linked by a 
covalent bond. Common examples include polystyrene-block-poly(2-vinylpyridine) (PS-PVP), 
which contains hydrophobic PS and hydrophilic PVP blocks. ABCs based on PS-PVP have been 
used extensively in this work. In a solvent such as toluene, which is thermodynamically good for 
PS but poor for PVP, and above the critical micelle concentration (CMC), PS-PVP block 
copolymers can undergo microphase-separation, self-assembling into micellar ensembles, as 
shown in Figure 1-1. This self-assembly process is thermodynamically driven and kinetically 
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controlled and this allows the insoluble PVP blocks to segregate to the inside or “core” of the 
micelle, while the soluble PS blocks remain in contact with the solvent toluene, creating what is 
referred to as the “corona”. Because of this disparity in solubility of the two blocks, toluene is 
referred to as a “selective” solvent.  
 
 
Figure 1-1. Microphase separation of polystyrene-block-poly(2-vinylpyridine) (PS-PVP) in a 
selective solvent, which in this case is thermodynamically good for PS blocks but a poor solvent 
for PVP blocks. 
 
The self-assembly of ABCs has been extensively studied in solution and thin film 
because of its versatility as a way to access new, larger, or useful structures.
13-15
 Depending on 
the size of the BCP and volume fraction, a wide range of morphologies such as cylinders, 
spheres, vesicles, and hierarchical assemblies can be accessed without the need for complicated 
synthetic procedures.
8
 The self-assembly of ABCs has found use in lithography where the goal is 
to pattern surfaces in order to create smaller, faster, and more efficient electronic devices.
16
 One 
of the most widely proposed uses for self-assembled micellar systems is in biotechnological 
applications, where micelles serve as nanocarriers that encapsulate useful cargoes, such as drug 
Toluene
above the CMC
Polystyrene-b-Poly(2-vinylpyridine)
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molecules, viral vectors, or imaging agents.
17-20
 ABCs can also be used to encapsulate inorganic 
nanoparticles, which have therapeutic and diagnostic use in medicine, but require a polymeric 
coating to enhance circulation and delivery.
21
  
The goals of this research are to investigate the links between architectural variations and 
compositional precision of PS-PVP block copolymers and their ability to undergo 
supramolecular assembly in solution and thin films. Though a substantial portion of this study 
will be focused on characterization of the single component parent systems, a key hallmark of 
this work will be on studying self-assembly behaviors of binary copolymer blends. Binary 
mixtures may be a useful route to access hierarchical structures that are otherwise inaccessible by 
the single component, parent systems. In addition to binary mixtures of PS-PVPs, my thesis 
work involves studying self-assembly behaviors of ABCs of unusual architecture, such as 
poly(D,L-lactide)-poly(ethylene glycol) (PLA-PEG) bottle brush copolymers. 
 
1.2 Motivation 
Self-assembly of ABCs depends on the ability to generate well-organized structures by 
controlling the chemical and physical properties such as size, shape, sequence, connectivity and 
surface properties of the constituent blocks.
22
 Recent advancement in modern synthetic 
techniques has provided materials chemists with a variety of methods to encode chemical 
information into macromolecules that gives rise to organized structures with properties that are 
different from the molecular constituents.
23-26
 Specifically, in this research I plan to investigate 
how architectural and compositional variations of single component systems impact self-
  5 
assembly properties such as stability, dynamics, and kinetics, both in solution and when 
deposited on surfaces. Furthermore, this research explores how binary blends of single 
component (parent) systems of architecturally- and compositionally-complex ABCs impacts self-
assembly, both in solution and at surfaces. 
Synthetic ABCs present a great opportunity to study the dynamics, structure and 
interactions of soft matter. Polymers and copolymers are technologically important materials 
encountered in everyday life, and they also represent simplified versions of complex systems 
created by nature (e.g., proteins). The traditional architectures of ABCs include diblock, triblock 
and other linear block copolymers, as well as non-linear architectures such as star-like or 
bottlebrush copolymers. At fixed temperature, the micellization of block copolymers occurs at a 
specific concentration, referred to as the critical micelle concentration (CMC). The size and 
shape of the micelle is dependent on the constituent blocks and their ability to microphase 
segregate in a selective solvent.
10,27-29
 The assembly is driven by a balance of interactions 
between the blocks and the solvent.
30
 The extent of microphase separation is determined by the 
segregation product, χN. In most cases and where there are no strong specific interactions, such 
as hydrogen bonding, χAB is small and positive and is inversely dependent upon temperature. By 
tuning temperature and χN, the incompatibility between the constituent blocks can be controlled.8 
There exists no breaking and reforming of bonds as in traditional bench chemistry because self-
assembly is completely thermodynamically driven by the polymer-polymer and polymer-solvent 
interactions.
28
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There are three main parameters that determine the extent of microphase separation of 
AB diblock copolymers: (1) the degree of polymerization (N = NA + NB), (2) the volume fraction 
of A and B blocks (fA and fB), and the Flory-Huggins interaction parameter, χAB, which 
determines the incompatibility between the two blocks. There has been a great deal of work on 
the solution self-assembly of diblock copolymers.
8,31-33
 While a full review is beyond the scope 
of this document, in short, the shape of the micellar aggregate depends on copolymer 
composition, monomer type, solvent quality, processing pathway, concentration, pH, 
temperature, and other factors (e.g. electrostatic interactions). Diblock copolymers can self-
assemble into a variety of shapes. As depicted in Figure 1-2, these well-documented 
morphologies include: (1) spheres, (2) rods, and (3) vesicles. 
 
 
Figure 1-2. Traditional morphologies accessed from the self-assembly of diblock copolymers in 
a solvent that is selective for the red block above the CMC. From left to right micelles comprised 
of diblock copolymers mainly form spheres, rods, or vesicles.  
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1.3 Polymer design as a tool to tune self-assembly properties 
Theoretical and experimental results have shown that block sequence and connectivity 
can affect the self-assembly of ABCs.
9,34-37
 Balsara et al. studied the solution properties of BAB 
triblocks comprising of PVP-PS-PVP in toluene, a selective solvent for the PS block. They found 
that the triblocks formed spherical micelles with a PVP core surrounded by loops of the PS-
blocks. Previously, theoretical and experimental work suggested that due to the entropic penalty 
associated with the looping of the triblock, micelle formation would not be possible. This 
seminal work, in fact, proved that micelle formation is possible for BAB triblocks in a 
thermodynamically good solvent for the middle block. The authors also made the important 
finding that the molecular weight of the middle block plays a significant role in the micellar 
properties.
36
  
It is also possible to generate more complex topologies from linear block 
copolymers.
25,38-39
 The cyclization of ABCs can be achieved by reactively coupling the chain 
ends of an AB linear diblock copolymer.
40
 The resulting cyclic architecture can have a 
significant effect on the stability, morphology, and dimension of the self-assembled aggregate.
39
 
The self-assembly of cyclic and linear diblock copolymers of the same degree of polymerization 
was investigated by Minatti et al. They showed that linear polystyrene-b-polyisoprene (PS-PI) 
formed classical spherical micelles, and the stability of the micellar structure was constant over 
the concentration range studied. In contrast, the cyclic PS-PI copolymers formed giant wormlike 
aggregates. In addition, the size and morphology can be tuned by adjusting the concentration of 
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the cyclic copolymer solution. At low concentrations the cyclic PS-PI formed “sunflower-like” 
micelles and at high concentrations giant wormlike micelles were accessed.
41
 
Recently, a more exotic cyclic architecture was created and the corresponding self-
assembly properties has been investigated in solution.
38
 Wang et al. synthesized a figure 8-
shaped ABC where each loop was a different type of repeating unit. To do this, they first 
synthesized a 4-arm star having 2 PS arms and 2 poly(acrylic acid) (PAA) arms using ATRP. 
They then “clicked” pairs of arms together to create the (PS-b-PAA)2 figure 8-shaped ABC. 
They compared the structure formed by self-assembly in solution with that formed by its linear 
counterpart. Their results showed that both architectures formed micelles, but the figure 8-shaped 
cyclic copolymer resulted in micelles having smaller aggregation numbers (Nagg) but larger 
hydrodynamic radii (Rh). This behavior was attributed to the topological constraint imposed by 
the hydrophobic segments that are constrained within the figure 8-shaped chain. Compared to 
their linear analogues, the figure-8 chains self-associate less in water, forming larger but less 
well-organized aggregates. In general, the entropically disfavored self-assembly of cyclic 
copolymers can lead to interesting aggregate properties as a result of its unique architecture. 
Furthermore, the cyclization of polymers can lead to improved properties of the aggregates such 
as increased thermal stability and robustness toward salt additives.
39
 
Branching has been proven to have significant effects on the self-assembly properties of 
ABCs in solution and at surfaces.
42-46
 In comparison to an enormous number of studies focused 
on linear ABCs, there are few reports on solution and surface self-assembly properties of star 
block copolymers.
47-51
 Using poly(n-butylacrylate)-b-poly(methyl methacrylate) (PBA-PMMA), 
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Nese et al. demonstrated that star block copolymers with large number of arms possess superior 
mechanical and thermal properties as compared to their corresponding linear counterparts of 
similar composition.
47
 Star diblock copolymers with a large number of arms can also form stable 
unimolecular micelles in solution and at surfaces because of intra-molecular steric repulsion 
between the arms.
50-51
 Pang et al. reported the synthesis and self-assembly of a novel 21-arm star 
in which each arm was made of a coil-rod polystyrene-b-poly(3-hexylthiophene) (PS-P3HT) 
diblock copolymer. In a thermodynamically good solvent for both blocks it was found that the 
PS-P3HT stars formed static unimolecular micellar structures due to the large number of arms 
present.
51
 Pang et al. also investigated the self-assembly properties of a star diblock copolymer 
comprising 21-arms of poly(acrylic acid)-b-poly(3-hexylthiophene) (PAA-P3HT) in 
dimethylformamide (DMF), a nonselective good solvent. Using dynamic light scattering (DLS), 
transmission electron microscopy (TEM) and atomic force microscopy (AFM), they showed that 
because of the compact nature of the PAA-P3HT star, it formed unimolecular structures in 
solution and at surfaces. The average hydrodynamic diameter, Dh, of the well solvated star was 
20 nm, and TEM images showed that the core-forming PAA block was 9 nm, which is half of the 
size of the star measured by DLS.
50
 These studies of ABCs of different design and ABCs of high 
molecular weight stars of varying design and chemical nature show that formation of micellar 
systems depends on their thermodynamic and kinetic properties above their CMC in solution. As 
a result, their dynamic stability and characteristics (e.g. shape and size) depends greatly on 
temperature, pH, concentration, and the properties of the selective solvent. In contrast, the high 
molecular weight and arm number of star diblock copolymers endows them with the unique 
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ability to form unimolecular constructs, whose properties are not governed by the traditional 
rules of self-assembly for soft matter. 
Beyond these conventional, single component systems, the structures accessed from 
mixed systems inspire new ideas about how novel soft matter constructs can be created, and this 
vein of study has contributed to a better understanding of self-assembly processes.
27,52-55
 For 
example, Lodge and coworkers created “hamburger-like” micelles from a binary blend of a 
mikto-arm star terpolymer and diblock copolymer. The diblock was composed of 
polyethylethylene-b-poly(ethylene oxide) while the mikto-arm star was made by chemically 
attaching an acid chloride functionalized poly(perfluoro-propylene oxide) homopolymer at the 
junction between the blocks of the polyethylethylene-b-poly(ethylene oxide) diblock copolymer, 
resulting in a 3-arm star The authors concluded that the hamburger micelles were a result of 
micelle fusion, and these asymmetric, multicompartment micellar structures were a result of 
multiple steps that included micelle collision, fusion, and fission over a prolonged period of 
time.
54
 Eisenberg and coworkers investigated the effects of solvent, water content, and mixture 
composition on the morphology of binary mixtures of PS-PAA and PS-P4VP diblock 
copolymers. Using transmission electron microscopy (TEM) and differences in electrophoretic 
mobility, they demonstrated that the water content affects both the size and shape of the 
aggregates because it acts as a precipitant for the hydrophobic PS blocks. The work also revealed 
that the mixing ratio of the block copolymers can affect the morphology of the mixed system. 
This was highlighted in a series of studies where they increased the PS-P4VP content, which 
resulted in a morphological change from large compound micelles (LCMs) to a bimodal sample 
of small spherical micelles and LCMs, and finally to vesicles. This work highlighted the 
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sensitivity of binary ABC mixtures to external stimuli and blend composition, and also illustrates 
the complexity of behaviors that exist within mixed systems.
52
 
Processing (mixing) protocols have been shown to affect the properties self-assembled 
structures.
56-57
 Yoo et al. studied binary mixtures of linear PS33k-P4VP8k and PS20k-P4VP19k 
diblock copolymers (subscripts refer to block molecular weight in thousands) using three 
different mixing protocols: (1) They independently prepared micellar solutions and mixed them, 
which is denoted as “a mixture from a micellar state” or “postmixing;” (2) They also created 
mixtures by combining two dissimilar ABCs in a powdery state, mixed the blend, and 
subsequently added a thermodynamically selective solvent; (3) Finally they made mixtures from 
a blended state by “premixing,” in which they dissolved the block copolymer surfactants in a 
non-selective good solvent to create a blend of chains and then, after removing the solvent, the 
blend was re-dissolved in a selective solvent. The formation of a bimodal sample of small and 
large micelles or a mixture of small and hybridized micelles was governed by the difference in 
the mixing procedure. The difference in the micellar properties in solution was attributed to 
differences in the kinetics of micelle formation due to the change in mixing protocols. These 
results suggest that processing parameters have a significant effect on the aggregate structures 
adopted by mixed systems.
56
 
 
1.4 Models of behavior of micellar systems 
There are two main models that describe micellization. The first is the open association 
model, which describes the formation of micelles with no unimers in solution. However, this 
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model is rarely appropriate because it suggests that a CMC does not exist; the copolymers 
aggregate, forming micelles with no well-defined number of chains. The second model is the 
closed association model, which describes the formation of micelles at and above the CMC and 
the establishment of a thermodynamic equilibrium between the aggregates and single chains 
present in solution. Figure 1-3 shows the three zones of the closed association model, expressed 
in terms of inverse micellar molecular weight, (Mw,mic)
-1
, versus solution concentration, c. Zone I 
encompasses the presence of single chains. The concentration at which aggregates first appear is 
defined as the CMC. Once micelles form, there is a coexistence between free chains and micelles 
(zone II). In zone III the system has reached dynamic equilibrium however; this equilibrium is 
shifted towards self-assembled aggregates. The equilibrium is dependent on the size and 
connectivity of the blocks, the solvent quality, solution temperature
29
 and, in cases where 
aqueous solutions are used, the pH.
28,30
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Figure 1-3. Schematic showing behavior of systems that follow the closed association model, 
represented in a plot of inverse micellar molecular weight, (Mw,mic)
-1
 versus concentration, c, in a 
thermodynamically good solvent for the red block. Zone 1 consists of only free chains in 
solution. Zone II displays coexistence between free chains and aggregates in solution. Zone III is 
marked by a shift in the equilibrium toward the self-assembled aggregates. Concept for figure 
was taken from Voulgaris et al.
58
 
 
The self-assembly of micelles (shown schematically in Figure 1-1) can be described by 
the Gibbs free energy of micellization at standard conditions, Gmic
 : 
cmc
Concentration
(M
w
,m
ic
)-
1
 (
m
o
l/
g
)
I
II
III
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 )ln(cmcRTGmic 
  (1.1) 
Here T is the absolute temperature (e.g. in Kelvin) and R is the ideal gas constant. For a process 
to be spontaneous, Δ Gmic
  and the standard enthalpy of formation, Δ H mic
  must be less than 0. 
The standard enthalpy of micelle formation is given by:  
 

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d
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RH mic
1
)ln(   (1.2) 
From equations 1.1 and 1.2, the standard Gibbs free energy and the standard enthalpy of micelle 
formation can be calculated once the CMC and solution temperature is known. This is important 
because the possibility of micelle formation can be predicted without the need for time 
consuming experimental procedures. 
The free energy per chain, Fchain, as described by Zhulina et al.
29
 contains three 
contributions: 
 Fchain = Finterface + Fcore + Fcorona (1.3) 
where: 
 Finterface = γs (1.4) 
In these equations s is area per chain and γ is the free energy per unit area of the core-
corona interface. Fcore and Fcorona are the contributions due to the core and corona respectively. 
Fcorona is the free energy associated with stretching the corona chains and Fcore captures the free 
energy gained when the non-solvated core blocks remove themselves from solution into the core. 
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In short, the self-assembly process sacrifices the entropy of the single chains; however, a large 
unfavorable enthalpic penalty due to poorly solvated blocks having to remain in solution is 
prevented, and so the overall total free energy of the system is lowered (ΔG < 0). These 
theoretical models, formulated for single component systems, provide more support to the idea 
that mixed or blended systems offer new opportunities to access new, unusual, or sophisticated 
structures. This is because of the gain in entropy that results upon mixing, which is analogous to 
that of mixing two dissimilar gases within a system. Mixed micelles having complementary 
chemical functionalities are also expected to be more thermodynamically stable than single 
component micellar systems because of attractive interactions. As a result of these features, more 
exotic structures may be accessed without the need for complicated synthetic procedures. 
 
1.5 Research objectives 
Block copolymers serve as model systems for studying the dynamics, structure, and 
interactions of soft matter in solution and at surfaces. The scientific focus of this dissertation 
research is to investigate the stability, dynamics, and kinetics of self-assembly of architecturally- 
and compositionally-complex ABCs and their binary mixtures in solution and at surfaces. To 
accomplish this, fifteen model polymer systems comprising PS-PVP, listed in Table 1-1, and 
four model systems of poly(lactic acid)-poly(ethylene glycol) (PLA-PEG) bottlebrush 
copolymers, listed in Table 1-2, that differ in block chemistry, sequence, composition, structure, 
and topology are used in this study. These differences in polymer design enable me to investigate 
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the links between architectural diversity, compositional precision, and the dynamics, kinetics, 
and stability of the resulting self-assembled structure in solution and at surfaces. 
The 15 PS-PVP block copolymers used as model polymer amphiphiles in this study were 
synthesized by living anionic polymerization, which allows block copolymers with narrow 
polydispersity indices (PDI) to be made. The scope of anionic polymerization is beyond this 
work; however the interested reader can refer to the literature.
24,59-60
 The linear block 
copolymers, both PS-PVP diblocks and the PVP-PS-PVP triblocks have a variety of block sizes 
and styrene to vinylpyridine ratios (S/V) that range from ~1 to 10. The star block copolymers 
were synthesized by initiating through a divinylbenzene core to produce arms having PS inner- 
and PVP outer-blocks. The star block copolymers are distinguished by their number of arms, f. 
As observed in Table 1-1 f = 8, 26, or 40 and within each subset the S/V ranges from ~1 to 9. 
The four bottle brush copolymers made of PLA-PEG differ by composition by controlling the 
relative amount of the two types of side chains used to make the copolymer and also by 
topological sequence (block versus random). The aforementioned differences in composition, 
sequence, and architecture are important because they serve as a means to advance our 
understanding of self-assembly as a suitable means for nanomanufacturing ensembles formed 
from surfactant-like block copolymers. 
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Table 1-1. Molecular characteristics of architecturally- and compositionally-complex ABCs. 
sample ID ABCs Mw (kg/mol)
a
 PDI S/V
b 
D1 PS-PVP [100-60] 1.08 1.7 
D2 PS-PVP [54-14] 1.11 3.9 
D3 PS-PVP [255-24] 1.06 10.6 
T1 PVP-PS-PVP [31.25-62.5-31.25] 1.40 1 
T2 PVP-PS-PVP [12-96-12] 1.20 4 
T3 PVP-PS-PVP [6.2-124-6.2] 1.20 10 
S1 [PS-PVP]8 [27-27]8 1.18 1 
S2 [PS-PVP]8 [42-14]8 1.09 3 
S3 [PS-PVP]8 [42-6]8 1.23 7 
S4 [PS-PVP]26 [50-50]26 1.23 1 
S5 [PS-PVP]26 [102.5-20.5]26 1.45 5 
S6 [PS-PVP]26 [103.8-11.5]26 1.36 9 
S7 [PS-PVP]40 [53.75-53.75]40 1.26 1 
S8 [PS-PVP]40 [106.25-21.25]40 1.16 5 
S9 [PS-PVP]40 [108-12]40 1.30 9 
 
a
Total molecular weight of linear copolymers is the sum of the values in square brackets 
(individual block molecular weights), and total molecular weight of star copolymers is the 
product of the sum of the block molecular weights (in square brackets) and the average number 
of arms (subscript). 
b
Polystyrene-b-poly(2-vinylpyridine) ratios, defined as S/V. 
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Table 1-2. Molecular characteristics of bottlebrush copolymers.  
Sample ID PLA (wt %) PEG (wt %) Mw (kDa) PDI 
Block bottlebrush copolymer 
PLA43-b-PEG57 43 57 188.8 1.14 
Random bottlebrush copolymer 
PLA43-r-PEG57 43 57 153.0 1.06 
PLA14-r-PEG86 14 86 196.8 1.10 
PLA6-r-PEG94 6 94 179.4 1.10 
 
The overarching aim of this work is to quantify and enumerate the links between 
composition, architecture, sequence and block chemistry and various key factors (kinetics, 
structure, dynamics, etc.) that are innately linked in the self-assembly of soft matter. My focus 
will be on mixtures and blends of well-defined copolymers to tailor the free energy of the system 
through tuning the polydispersity and interfacial curvature in order to induce novel self-assembly 
properties that are not accessible by the single component parent systems. This work was 
inspired in part by the work of Jain and Bates.
27
 These authors demonstrated this concept using 
linear poly(ethylene oxide)-block-poly(butadiene) (PEO-PB) diblock copolymers, which when 
mixed formed many complex and interesting aggregates due to the non-ergodic nature of the 
micellar system. My research objectives include: 
i. Investigating the self-assembly properties of architecturally- and 
compositionally-complex ABCs in solution and at surfaces in a selective solvent 
and in a non-selective solvent;  
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ii. Understanding the self-assembly properties of binary blends of different 
architectures at a 1:1 (weight ratio) and comparing behaviors with properties of 
the single-component parent systems;  
iii. Examining how the mixing ratio affects the self-assembly properties of binary 
blends of different architectures and comparing behaviors with those of the single 
component, parent systems and with the symmetric (1:1) blends; and 
iv. Investigating how composition, sequence, concentration and solvent quality 
affect the self-assembly properties of PLA-PEG bottlebrush copolymers. 
To complete these studies, the characterization techniques of dynamic and static light 
scattering (DLS and SLS respectively), atomic force microscopy (AFM), and cryogenic 
transmission electron microscopy (cryo-TEM), and regular TEM will be used. Light scattering is 
very important to my work because it is a non-invasive technique that gives information about 
the size of aggregates in its solution environment. It can also be used to study the kinetics and 
thermodynamics of self-assembly in solution. In light of this, Chapter 2 will focus on the theory 
and experimental set-up of both DLS and SLS.  
In Chapter 3, investigations of the self-assembly properties (at 25 °C) of all of the 15 
ABCs listed in Table 1-1 in solution and at surfaces are described. DLS experiments were 
completed at either 1.0 mg/mL or 8.0 mg/mL, depending on the CMC of the parent system. All 
binary mixtures were investigated at 1.0 mg/mL and 8.0 mg/mL. At high concentration, (8.0 
mg/mL) there was an increase in the polydispersity of the kinetically frozen system and this led 
in part to the formation of complex hierarchical structures. AFM was used to study the surface 
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topology of the self-assembled block copolymers and their binary blends. It was found that all of 
the parent systems formed spherical aggregates when cast on silicon surfaces. However, as the 
S/V and number of arms were increased, the film thickness and aggregate size decreased. While 
spherical structures were often observed, worm-like aggregates and an unusual hierarchical 
aggregate having a structure that looked like a brain coral also were observed. 
In Chapter 4, the solution properties of novel, high molecular weight 26- and 40-arm PS-
PVP stars were studied in selective (toluene) and non-selective (tetrahydrofuran, THF) solvents. 
The phase behavior of these highly dense stars was investigated through a wide range of 
concentrations with the use of DLS, SLS, and TEM. The hydrodynamics of the 26- and 40-arm 
stars remained constant throughout the concentration range studied, and the stars remain as 
isolated aggregates both in THF and in toluene. Remarkably, TEM images reveal a segregated 
morphology driven by intramolecular microphase separation within the star diblocks in a 
selective solvent for the inner PS block, despite the high geometric constraint that exists in these 
dense stars. 
In Chapter 5, I describe the synthesis and self-assembly of PLA/PEG random and block 
brush copolymers. The self-assembly behavior of these model amphiphilic systems were 
investigated in solvents selective for the PEG side chains (methanol and water), and in a 
thermodynamically non-selective good solvent for both side chains (DMF). The block 
composition directly affected the size and structure of the micellar aggregates in solution as seen 
by DLS and cryo-TEM. At constant PLA and PEG brush composition, the arrangement of PLA 
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and PEG side-chains (block versus random) played the leading role in the micellar structure and 
size. 
Finally, Chapter 6 summarizes the main findings from my dissertation work and its 
impact on the self-assembly processing of soft matter ensembles. Chapter 6 also describes 
particular themes of future research that would be promising to pursue.  
  22 
Chapter 2: Experimental and Theoretical Considerations of Dynamic and 
Static Light Scattering Characterization Techniques 
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Scattering in its simplest terms is the reradiation of a wave due to changes in the medium 
through which it is propagating. Dynamic and static light scattering (DLS and SLS) provides a 
wealth of information on the diffusion and size distribution of particles in solution. Mean decay 
rates, Γ, can be used to provide information on the apparent diffusion coefficient, Dapp, which is 
then used to gain an understanding of the hydrodynamic radius, Rh, of the scattering particles in 
their native environment. Careful analysis of DLS and SLS data can be used to detect small 
changes in the average size, and distribution of sizes as solvent type, temperature, pH and other 
properties are changed. Also, SLS is often used to obtain information on the molecular weight, 
Mw, solvent quality, and characteristic size of the scattering particles within the system. When 
SLS and DLS is used in tandem they can be powerful tools for understanding the structure and 
behavior of the constituents within the scattering volume. 
In this chapter, theoretical and experimental background of both DLS and SLS will be 
presented. These techniques are used extensively in my dissertation work therefore it is relevant 
to (1) to highlight a few mathematical relations for the practice of light scattering and (2) to 
present an overview of the experimental preparation and set-up for both DLS and SLS 
measurements, and (3) briefly describe data analysis procedures.  
2.1 Static light scattering 
As shown in Figure 2-1, the scattering volume depends on the scattering angle,  , which 
is formed by the intersection of the incident light beam described by the vector quantity, )( iK

 
having intensity I0, and the optical aperture used for observing the scattered light intensity Is that 
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is described by the vector )( fK

. For particles in solution, the absolute scattered intensity is 
described by the Rayleigh ratio, R: 
   






std
stdabs
solventsolution
I
I
IIR ,  (2.1) 
R takes into account the contribution of light scattered from the solvent, Isolvent, and the absolute 
scattered intensity of the standard, Iabs,std, which is normalized by the intensity for a scattering 
standard, Istd. These quantities, based specifically on identifying the standard to be toluene and 
the solvent to be THF, are illustrated in Figure 2-2. 
 
 
Figure 2-1. Scheme showing (A) the scattering volume that is as a result of the angle,  , 
between Io )( iK

 and the optical aperture used for observing, Is, )( fK

 and (B) a diagram of the 
definition of the scattering wave vector q

 = fK

− iK

.
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Figure 2-2. Scheme showing the intensities of the standard, solvent, and solution as a functions 
of time, t. In SLS, only the excess scattering intensity is taken into consideration during the 
measurement of the solution in question. 
 
Figure 2-1B, which illustrates the scattering geometry, allows the scattering wave vector 
q

 to be derived from the propagating and scattered waves: 
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As shown in equation 2.6, q

 depends on the solvent refractive index, n, the wavelength of light, 
λ, and  . To take into account the effects of particle concentration, and solute-solvent 
interactions on the measured scattered intensity, the thermodynamics of concentration 
fluctuations have to be used. This is derived in Chapter 7 of Hiemenz and Lodge.
62
  
In my typical SLS experiments, several scattering angles between 20
o
 to 146
o
 were 
accessed by using 9 goniometer angles on the ALV instrument. Toluene was used as the 
calibration standard. A “dust-filter” option of 3% was utilized for the measured scattered 
intensity at each scattering angle and three runs of 10 s each were averaged. If the average count 
rate for any of the 10 s runs at any scattering angle differs by more than 3% from the ensemble 
average, the set of three measurements was repeated until the criterion of deviating by less than 
3% of the ensemble average is satisfied. The z-average radius of gyration,   2/12 
z
g SR , was 
determined using the truncated form of the virial expansion for the scattered intensity:
63
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As mentioned above, R  is the normalized absolute scattering intensity,63 which is 
calculated according to equation 2.1. 2A  is the second virial coefficient and c is the solution 
concentration. K  is the contrast factor, which is defined as:63 
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Here aN  is Avogadro’s number, λ = 632.8 nm (the ALV uses a HeNe laser) and n is the 
solvent refractive index. The refractive index increment, dcdn / , was determined using a Wyatt 
OptiLab Rex differential refractometer, which contains a laser operating at   = 658 nm. 
Naturally it is assumed that the dn/dc measured at 658 nm is the same as that at 632.8 nm. For 
comparatively small particles  122 gRq ,  qP  can be expressed as:63 
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gRq
qP    (2.10) 
 
2.2 Dynamic light scattering 
When scattering particles are moving, temporal fluctuations in the scattered intensity are 
a direct consequence of their Brownian motion, which occurs because of collisions between the 
scattering particle and the motion of the smaller solvent particles. Changes in the interparticle 
position causes a change in the detected scattered intensity measured at a given scattering angle, 
q.
63
 The basic principle of how the fluctuating scattered intensity, I(q,t), is treated in a dynamic 
light scattering experiment is illustrated in Figure 2-3. 
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Figure 2-3. Schematic showing the intensity fluctuations (blue line) and the corresponding 
autocorrelation function. The solid black line models the average intensity, which is used in 
SLS.
63
 
 
The plot on the left in Figure 2-3 shows the signal detected by the photomultiplier at a 
given scattering angle. The fluctuating pattern (represented by the solid blue line) can be 
mathematically translated by an electronic device (a multichannel digital correlator) into a light 
intensity autocorrelation function. This is done by multiplying the time-dependent scattered 
intensity by itself after it has been shifted by a lag time τ, and averaging that product over the 
total measurement time. This light intensity autocorrelation function, <I(q,t)∙I(q,t+τ)>, which 
does not depending on t but only on the lag time τ, is calculated for various values of τ, ranging 
from in our case 125 ns to several seconds. At very small τ, the intensity is strongly correlated, 
but at longer τ, because the Brownian motion is random, the correlation is lost. The normalized 
scattered light intensity autocorrelation function,  τqg ,2 , is related to the first-order electric 
field time correlation function, g1(q,τ), by the Siegert relation: 
<
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τ
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Here I(q,t) is the scattered light intensity at time t and g1(q,τ) is the first-order electric 
field time correlation function, which depends on the lag time τ and the scattering wave vector, q. 
As mentioned earlier, q depends on the scattering angle θ, λ, and the solvent refractive index, n: q 
= (4πn/λ)sin(θ/2). The autocorrelation function obtained at each scattering angle is analyzed first 
by the CONTIN algorithm64 to determine the amplitude distribution of decay rates, A(Г), which 
provides insight into the population(s) of scatterers in the scattering volume. CONTIN uses a 
regularization method in order to resolve A(Г) such that it satisfies the expression 
       
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For systems where the CONTIN analysis shows one peak in the distribution of decay 
rates, the method of cumulants is used to determine the mean decay rate, or first cumulant, Г1, 
and the normalized variance, µ2/Г1, at each scattering angle according to: 
    22102
2
ln
2
1
ττГГτg

  (2.13) 
Г0 is a constant independent of τ. In situations where the solutions exhibit two or three 
decay modes, a double or triple exponential distribution, expressed by equations 2.14 or 2.15, 
respectively, are used for the analysis: 
      τГAτГAτg 22111 expexp   (2.14) 
        τГAτГAτГAτg 3322111 expexpexp   (2.15) 
Here A1, A2 and A3 are the relative amplitudes of each characteristic decay mode Г1, Г2 and Г3. 
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The apparent diffusion coefficient, Dapp, of scattering particles having a mean decay rate Гi can 
be determined by62 
  
2
i
app
q
Г
qD   (2.16) 
The z-average diffusion coefficients, <D>z, obtained from the y-intercept of a plot of Γ/q
2 
versus q2, where Γ is the characteristic decay rate at a given scattering angle, is determined from 
analysis of the light intensity auto-correlation function that is computed in a DLS experiment.63,65 
The diffusion coefficient determined in this way is the z-average over the molar mass 
distribution,66 and reflects translational diffusion of the scatterer (no contributions due to rotation 
or segmental fluctuations) at a given concentration. As a result of this concentration dependence, 
the hydrodynamic radius determined using the Stokes-Einstein relation is an apparent 
hydrodynamic radius, Rh,app: Rh,app = kT/6πηo<D>z. Here k is the Boltzmann constant, T is the 
absolute temperature and ηo is the solvent viscosity (0.555 cp for toluene and 0.454 cp for THF at 
25 °C).63 An alternate method by which the solution diffusion coefficient, Ds, can be determined 
is to extract it from the slope of a plot of Γ versus q2. (Recall that as Γ is the characteristic decay 
rate, plotting Γ versus q2 is simply another way to express the angular dependence of the decay 
rate.) This method was also used in Chapter 4 in order to present a comparison between the two 
different fitting methods. According to Brown, the effect of concentration on <D>z can be 
described using the following equation, which is a virial expansion in concentration:65 
 ...)1(0  ckDD Dz  (2.17) 
Here kD is the diffusion virial coefficient, which takes into account polymer-polymer 
equilibrium interactions and polymer-polymer hydrodynamic interactions.65 D0 is the diffusion 
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coefficient at infinite dilution, and it is obtained by extrapolating the concentration dependent 
<D>z values to c = 0. The true hydrodynamic radius, Rh,0, which is independent of concentration, 
is obtained from the corresponding D0 value by using the Stokes-Einstein relation.  
 
2.3 Cleaning techniques 
Dust and other stray particles that are significantly larger in size than the particle trying to 
be observed will scatter light more strongly than the polymers (or their aggregates) in solution. 
The presence of unwanted particles in the solution can give rise to significant and undesirable 
errors in the acquired data. Therefore, it is essential to prepare dust free solutions in order to 
complete an acceptable light scattering experiment. There are numerous cleaning techniques. It is 
almost an art, but the most common method involves cleaning the DLS tubes and scintillation 
vials with soap and deionized water and sonicating for at least one hour. The DLS tubes are then 
rinsed with copious amounts of deionized water and stored (upside down) in a clean, dry 
environment covered by perforated foil. To clean the solvent, filtration is the quickest and most 
reliable procedure.
67
 I have developed a double syringe filtration technique that has significantly 
increased the quality of the solvent used in my light scattering experiments. This involves 
filtering the solvent through two simultaneously connected Millipore PTFE filters into a pre-
cleaned scintillation vial. To test the cleanliness of the solvent, a SLS experiment is first 
completed. If there are no significant spikes in the scattered intensity when measuring the solvent 
and if the count rates remain very low, then the solvent is determined to be acceptable for light 
scattering experiments. 
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A clean polymer solution is also essential to a successful light scattering experiment. 
Firstly, a stock solution is gravimetrically prepared at the desired concentration in a previously 
cleaned dust-free vial with the use of filtered solvent (0.2 μm PTFE). Secondly, prior to a light 
scattering experiment, aliquots are taken from the stock solution and gravimetrically diluted into 
clean vials with filtered solvent to achieve a series of solutions with desired concentration. It also 
should be noted that a polymer solution should never be rapidly forced through a small filter 
because any self-assembled aggregates can be degraded by shear forces when filtered. Finally, a 
clean polymer solution is defined as one in which no large spikes in signal appear (due to dust) 
when the scattered intensity is observed (measured) at a low angle (e.g. 20
o
) for a minimum of 
15 minutes. If no large spikes in intensity are observed, the solution is determined to be clean, 
and a full set of light scattering experiments are started. 
 
2.4 Data analysis 
All static and dynamic light scattering (SLS and DLS) measurements were done on a four 
detector, goniometer-based ALV system equipped with a linearly polarized 22 mW HeNe laser 
operating at a wavelength, λ, of 632.8 nm. The instrument is mounted on an optical table to 
reduce the effects of vibrations. The incident beam is reflected by two mirrors, and any increased 
scattered intensity that may occur is reduced by a liquid crystal attenuator before being analyzed 
by a built-in quadrant-photodiode equipped with a beam splitter plate. The laser light is then 
focused into the sample cell that is positioned in the center of the scattering cell filled with 
toluene. The scattering cell is mounted on a motor-driven precision goniometer (±0.01º) 
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equipped with four detectors interleaved by 34° from one another. My typical protocols use up to 
nine different goniometer angles in DLS experiments, giving rise to signal detection at scattering 
angles ranging from 20º to 146º. The temperature of the scattering cell is maintained at 25 ± 0.1 
ºC in all experiments by circulating a mixture of water and ethylene glycol through the cell 
jacket. The signal is processed using a fast photon count digital correlator (ALV-7000 multiple 
tau) with an initial sampling time of 125 ns. 
The ALV light scattering instrument has software that is sufficient to acquire 
simultaneously the data from both DLS and SLS experiments. However, the software to analyze 
the data to determine the Rh, Rg, A2 and Mw,app is lacking. Therefore, the data are analyzed with a 
software package that was written by Dr. Masashi Osa based on the programs used at Kyoto 
University. The following section demonstrates how the ALV_SLS.exe and ALV-
Zimm_plot.exe external software packages are used to process the “static.txt” data files, which is 
then used to calculate Kc/ΔR which is necessary to create Zimm plots.  
 
  34 
 
Figure 2-4. Screen shot of ALV_SLS.exe program written in Visual Basic by Dr. Masashi Osa. 
 
Firstly, the ALV_SLS.exe icon is opened and the initial window that is seen is shown in 
Figure 2-4. The following steps are to be followed, and the step numbers correspond to input 
boxes in the software, as identified in Figure 2-4: 
1. The relevant parameters such as sample name, solvent, date of measurement, wavelength, 
temperature, refractive index, dcdn / , and concentration are entered. 
2. The transmittance values at the 1st and 2nd detectors used during solution analysis are 
input. 
1
2 2
3
4
5
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3. In boxes 3-5 the standard data file, solvent data file, and solution data file (previously 
created and saved on the computer) are selected (a dialog box opens when the buttons are 
clicked) and loaded into the software program. 
6. Once the standard, solution, and data files are loaded, the large plot window (6) displays 
the data as Kc/ΔR versus sin2( /2). This is displayed in the screen shot in Figure 2-5 at 
sixteen angles and a finite concentration. 
7. The image can be enlarged and the corresponding Zimm or Berry plots can be calculated 
with at least 2 different concentrations using the ALV-Zimm_plot.exe external software 
package.  
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Figure 2-5. Screen shot of ALV_SLS.exe program after analysis of input data at a specific 
concentration and 16 different angles. 
 
To analyze the DLS data, the ALV_DLS.exe software program is used to process the 
“.asc” and “dist.txt” data files that are output from the ALV measurement software. This 
program is used to calculate the first cumulant and the approximate Rh,app at finite scattering 
wave vector q. The ALV_Gamma_vs_q.exe software program is used to make plots of Γ/q2 
versus q2, which enables <D>z to be determined at finite concentration. Finally, the 
6
7
7 7
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ALV_D_vs_c.exe software program is used to make plots of <D>z versus concentration, which 
allows D0 to be obtained. From D0, the true hydrodynamic radius at infinite dilution is calculated 
using the Stokes-Einstein relation. The DLS data analyses using the ALV_DLS.exe and 
ALV_Gamma_vs_q.exe software programs are summarized in the procedure described next, 
which draws on labels in Figures 2-6 and 2-7. 
 
 
Figure 2-6. Screen shot of ALV_DLS.exe software package with model results from the first 
detector. 
2
3
4
4 4 4 4
1
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The process used to analyze DLS data is detailed in the following steps, and numbers 
correspond to input boxes in the software that are identified in Figure 2-6: 
1. The relevant parameters such as sample name, solvent, date of measurement, 
wavelength, temperature refractive index, viscosity, and concentration are input. 
2. The correlation function data (sample1.asc file) from the first detector is input. 
3. The corresponding distribution data (sample1_dist.txt) is input. 
4. The time correlation function, g(2)(t)−1, and distribution of relaxation times, A(t), 
from the first detector and the values of the four scattering angles (identified by 
number 4) are displayed. 
The numerical and cumulant data files are then saved, and steps 1-4 are repeated for the second, 
third, and fourth detector files. The numerical and cumulant data files at all experimental 
scattering angles are then combined (by clicking on the ALV_combine_numerical and 
ALV_combine_cumulant icons) and saved. 
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Figure 2-7. Screen shot of the input window for the ALV_Gamma_vs_q.exe software program. 
 
Figure 2-7 shows the initial input window that appears upon opening the 
ALV_Gamma_vs_q.exe software program. The following steps describe how this software is 
used to produce Γ/q2 versus q2 or Γ versus q2 plots. 
1. The number of the numerical data files for cumulant analyses is entered. For 
example, if DLS data were acquired at four goniometer angles, you would input 
“4”. 
2. The cumulant data files are loaded through the dialog box that opens.  
1
2
33
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3. The desired figure option, either “Γ/q2 versus q2” or “Γ versus q2”, is chosen. A 
second window will open with the selected type of figure and the data points 
displayed. 
4. The apparent diffusion coefficient and corresponding Rh,app are calculated. The 
results are then displayed and saved as a CSV file. 
The software program described above, written by Dr. Masashi Osa, are quite useful 
when analyzing DLS and SLS data that are particularly complicated, for example double and 
triple exponential functions. The data then requires precise and comprehensive external analyses 
in order to derive the most probable results from the light scattering experiment. External 
plotting and fitting programs such as OriginLab can also be very useful in analyzing both SLS 
and DLS data obtained from the ALV light scattering instrument. 
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Chapter 3: Control of Self-Assembled Structure through Architecturally and 
Compositionally Complex Block Copolymer Surfactant Mixtures 
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This chapter describes work published in Macromolecules 2014, 47, 7138. I characterized 
all of the polymers described in this work and coauthored the manuscript. Other coauthors 
include Dr. Hinestrosa who provided helpful suggestions concerning light scattering, Prof. 
Jimmy W. Mays, who provided the polymer samples, and Prof. S. Michael Kilbey II, who 
advised this work. 
 
3.1 Abstract 
The self-assembly of binary mixtures of architecturally and compositionally diverse 
surfactant-like polystyrene-poly(2-vinylpyridine) (PS-PVP) block copolymers (BCPs) in solution 
and in thin films has been systematically studied. PS-PVP BCPs of different molecular 
architecture synthesized by living anionic polymerization, including linear diblocks, triblocks, 
and branched star-like copolymers all having different block sizes, styrene to 2-vinylpyridine 
ratios, and variations in numbers of arms, were employed as constituent building blocks for the 
construction of advanced copolymeric ensembles. While ensembles formed from monomodal 
PS-PVP BCPs exhibit simple spherical aggregate structures in the PS-selective solvent toluene, 
aggregates created by mixing PS-PVP BCPs of different architecture display structures that 
include spherical, worm-like and large compound micellar aggregates. This result is attributed to 
the complex, architecture-induced diversity of microphase segregation in the mixed systems, 
wherein the fine-scale structures of the resultant ensembles can be further controlled by adjusting 
the blend composition. For example, unique, hierarchically structured large compound micellar 
aggregates with spherical primary structures and worm-like secondary structures that resemble a 
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brain coral were directly created when a  1:1 mixture (by weight) of a triblock copolymer and a 
star BCP that was cast in thin film form. The present study is valuable for illuminating the range 
of structures that may be created through architecture- and composition-controlled self-assembly 
of amphiphilic copolymer mixtures, which generally benefits the development of self-assembly 
as a method to make soft matter building blocks, as well as connections between self-assembled 
structures in solution and their thin films. 
 
3.2 Introduction 
Self-assembly of copolymeric systems8,22 is viewed as a driver of technological advances 
that rely on the capacity of block copolymers (BCPs) to microphase segregate into well-defined 
and sometimes complex structures in solution, in bulk, and in thin films.68-78 Amphiphilic BCPs 
are widely studied due to their surfactant-like nature that promotes self-assembly as well as their 
ability to straddle interfaces. The combination of the extraordinary ability to control the chemical 
composition and integrate different monomeric building blocks through advanced polymerization 
methods inspires their use in many applications, such as templates for preparing inorganic 
constructs,79-82 nano-carriers for delivery of therapeutic agents83-85 or bioactive materials,86 
fabrication of tunable optical materials87-90 or films with self-healing characteristics,91 to name a 
few. As a result, elucidating links between BCP design, assembly conditions, and structure 
continues to be an important theme in soft matter science.10,22,69,92-95 In terms of solution 
behavior, efforts over the past two decades have been devoted primarily to the self-assembly of 
well-defined linear polymer amphiphiles;8,31-32 the self-assembly behaviors of architecturally 
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complex BCPs58,96-98 or mixtures of polymer amphiphiles have been studied much less in 
comparison.27,56,99-107 
In contexts other than biological systems, polymers contain a mixture of chain lengths. 
While a large polydispersity can drive macrophase segregation of diblock copolymer melts,108 
BCPs are generally robust in the sense that low levels of polydispersities are tolerated within 
their microphase segregated structures. In amphiphilic systems self-assembled in solution, 
mixing chains of different degrees-of-polymerization or composition can alter the size and shape 
of micellar aggregates,109-110 sometimes allowing exotic ensemble structures marked by 
undulations or distortions to be formed. For example, Mahanthappa and coworkers showed that 
polydispersity in the core block of poly(ethylene oxide-block-1,4-butadiene-block-ethylene 
oxide) (PEO-PB-PEO) triblock copolymers affects the interfacial curvature, allowing ellipsoidal-
shaped micelles to form.109 This ability of BCPs to balance interfacial curvature and stretching of 
the core and corona blocks has been shown to give rise to even more complex structures in 
mixed systems: Bates and Jain showed that binary mixtures of nearly monodisperse PEO–
poly(1,2-butadiene) (PEO-PBD) diblock copolymers having different compositions and 
molecular weights in aqueous solution could form sophisticated structures.27 For example, 
around compositions where single-chain systems formed branched worm-like micelles or 
network structures, bimodal mixtures formed interesting octopus-like structures that appear to 
have cylindrical structures with varying local curvature radiating from a central disc-like core.  
In terms of blending different types of amphiphilic BCPs, Zhu et al. recently reported the 
construction of multigeometry, soft nanoparticles consisting of disk-sphere and disk-cylinder 
shapes by blending of two different linear BCPs in a water/THF mixed solvent system. The 
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multigeometry aggregates form because the incompatable solvophobic blocks locally phase 
segregate within the assembly, with each type of BCP contributing its characteristic phase 
segregated structure (bilayer vesicle, cylinder-like, or sphere) to the complex hybrid 
nanoparticle.111 This strategy of kinetic control can be used to construct novel soft matter 
nanostructures with designed compositions and geometries from simple linear BCPs. The 
blending of more sophisticated chain architectures can also lead to multigeometry nanoparticles. 
Lodge and coworkers examined the morphology of 3-arm, ABC star-like terpolymers consisting 
of mutually immiscible blocks (ethyl-ethylene, ethylene oxide, and perfluoropropylene oxide), 
and mixed these with the corresponding AB diblock copolymer synthesized as an intermediate to 
the star terpolymer. The segregation behavior of the 3 arms of the star resulted in 
multicompartment worm-like micelles of various lengths. Most striking, when the sphere-
forming AB diblock was mixed with the star terpolymer, fusion of the aggregates and chain 
rearrangements within the nanostructures led to the formation of “hamburger-like” micelles. In 
addition to this interesting structure, the slow evolution through aggregate fusion and break-up 
yielded asymmetric multicompartment micelles of various size.54 In total, these studies highlight 
the richness of mixing architecturally and compositionally diverse BCP amphiphiles. 
Despite the potential for realizing new aggregate shapes and for tuning structure, 
understanding the self-assembly behavior of complex BCP mixtures is in its infancy. In 
particular, there have been no systematic studies of the self-assembly of BCP mixtures with both 
architectural and compositional variations. With this in mind, we examine the structures adopted 
in solution and in thin films when amphiphilic polystyrene-poly(2-vinylpyridine) (PS-PVP) BCP 
amphiphiles are self-assembled in the PS-selective solvent toluene. Binary mixtures created from 
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pairs of diblock+triblock, diblock+star and triblock+star copolymers are explored across a range 
of compositions and, in the case of the stars, with varying number of diblock copolymer arms. 
While self-assembly of the single component PS-PVP BCPs tends to yield spherical structures – 
either spherical micelles in the case of the linear BCPs or unimolecular micelles for the stars with 
a large number of arms – the mixtures adopt more complex architectures depending on the 
diversity of component architecture and macromolecular composition.  
 
3.3 Experimental 
3.3.1 Materials. 
The diblock, triblock and star copolymers comprising polystyrene (PS) and poly(2-
vinylpyridine) (PVP) blocks were synthesized via anionic polymerization using custom-built, all-
glass reactors with breakseals. The synthesis of these materials has been published separately24,59-
60 and, therefore, is not repeated here. The polymers were characterized by a combination of size 
exclusion chromatography, multi-angle laser light scattering, 1H NMR spectroscopy, and 
elemental analysis,24,59-60 and the results are summarized in Table 3-1. In terms of molecular 
topology, the triblocks have a center PS block connected to PVP end blocks, and the arms of the 
stars have a diblock structure with PS as the first block emanating from the central core and PVP 
as the outer block. The chemical structures of styrene and 2-vinylpyridine monomers are shown 
in the inset in Figure 3-1a. Throughout this paper we refer to the BCPs by the molecular weight 
of the PS and PVP blocks (in kg/mol), styrene to 2-vinylpyridine ratio (S/V), and architecture 
using D for diblock, T for triblock, and S for star. 
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3.3.2 BCP preparation 
Binary mixtures of BCPs were created using a premixing method in which the constituent 
BCPs were separately dissolved in the non-selective solvent THF at a concentration of 8.0 
mg/mL. After equilibration for 3 days, the solutions were mixed together (in different 
proportions, including v:v = w:w = 1:1, 3:1 or 1:3) and subjected to ultrasonication for 10 min. 
The mixtures were dried at room temperature for 48 h and then dried further under vacuum at 60 
ºC for 6 h to completely remove any remaining THF. After cooling to room temperature, the 
blends were dissolved in toluene to make solutions having concentrations of either 1.0 or 8.0 
mg/mL, and then ultrasonicated for 10 min. These toluene solutions containing mixtures of BCPs 
were then stored in sealed vessels at room temperature for a minimum of 5 days before use. The 
structure adopted by self-assembly of each parent PS-PVP BCP was also characterized, and for 
these experiments, solutions of the BCPs in toluene at 1.0 or 8.0 mg/mL were prepared 
gravimetrically, subjected to ultrasonication for 10 min. to aid dissolution, and then allowed to 
equilibrate for at least 5 days. 
  
  48 
Table 3-1. Molecular characteristics and self-assembly properties of surfactant-like PS-PVP 
BCPs in toluene. 
sample 
ID BCP Mw (kg/mol)
a
 PDI S/V 
dn/dc 
(mL/g) 
concentration 
(mg/mL) 
micellization 
propertyb 
Rh1 
(nm)c 
Rh2 
(nm)c 
D1 PS-PVP [100-60] 1.08 1.7 0.199 1.0 I, M 11 166 
D2 PS-PVP [54-14] 1.11 3.9 0.195 1.0 I, M 6 88 
D3 PS-PVP [255-24] 1.06 10.6 0.189 1.0 I, M 14 142 
T1 PVP-PS-PVP [31.3-62.5-31.3] 1.40 1 0.099 8.0 I, M 9 285 
T2 PVP-PS-PVP [12-96-12] 1.20 4 0.113 8.0 I, M 8 130 
T3 PVP-PS-PVP [6.2-124-6.2] 1.20 10 0.108 8.0 I, M 8 134 
S1 [PS-PVP]8 [27-27]8 1.18 1 0.086 8.0 I, M 19 102 
S2 [PS-PVP]8 [42-14]8 1.09 3 0.117 8.0 I, M 16 189 
S3 [PS-PVP]8 [42-6]8 1.23 7 0.086 8.0 U 26  
S4 [PS-PVP]26 [50-50]26 1.23 1 0.104 1.0 U 40  
S5 [PS-PVP]26 [102.5-20.5]26 1.45 5 0.097 1.0 U 61  
S6 [PS-PVP]26 [103.8-11.5]26 1.36 9 0.106 1.0 U 53  
S7 [PS-PVP]40 [53.8-53.8]40 1.26 1 0.107 1.0 U 52  
S8 [PS-PVP]40 [106.3-21.3]40 1.16 5 0.106 1.0 U 75  
S9 [PS-PVP]40 [108-12]40 1.30 9 0.085 1.0 U 77  
 
aTotal molecular weight of linear copolymers is the sum of the values in square brackets 
(individual block molecular weights), and total molecular weight of star copolymers is the 
product of the sum of the block molecular weights (in square brackets) and the average number 
of arms (subscript). bMicellization properties of BCPs in toluene at concentrations above the 
CMCs (using I for isolated chains, M for multimolecular micelles, and U for unimolecular 
micelles). cResults obtained from DLS in toluene at c = 1.0 mg/mL for diblocks, 26- and 40-arm 
stars, and at c = 8.0 mg/mL for triblocks and 8-arm stars. 
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3.3.3 Film preparation 
Diced silicon substrates obtained from Silicon Quest were ultrasonically cleaned 
successively in toluene, 2-propanol, methanol and deionized water, each for 15 min, and then 
immersed in a “piranha acid” solution (a 1:3 v/v mixture of 30% H2O2 and 98% H2SO4) and 
heated until no bubbles evolved. After this cleaning, the silicon substrates were rinsed with 
copious amounts of distilled water and then dried with N2 flow. Thin films were made on silicon 
substrates by spin-coating 50 µL of the polymer solution (in toluene at a polymer concentration 
of 8.0 mg/mL) at 2000 rpm for 1 min using a Laurell WS-400B-6NPP-LITE spin coater. The as-
prepared film thicknesses are ~40 nm, as measured using a Beaglehole Instruments Picometer 
ellipsometer at multiple angles of incidence ranging from 80° to 60° using 1° increments. 
3.3.4 Characterization 
The theory and procedure for the dynamic light scattering (DLS) can be found in Chapter 
2. In short, once 
z
D  values are obtained, the hydrodynamic radius, Rh is calculated using the 
Stokes–Einstein equation as Rh = kT/6πηo zD  where k is the Boltzmann constant, T is the 
absolute temperature and ηo is the solvent viscosity (0.555 cp for toluene and 0.454 cp for 
THF).51 It is emphasized here that while the Rh values reported herein are apparent 
hydrodynamic radii determined at finite concentration (either at 1 mg/mL or 8 mg/mL), for 
convenience I refer to them simply as the hydrodynamic radius.  
The refractive index increment, dn/dc, for each of the PS-PVP BCPs in toluene was 
obtained from refractive index measurements22 made using a Wyatt OptiLab Rex differential 
refractometer at λ = 658 nm. These dn/dc values are reported in Table 3-1. 
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Atomic force microscopy (AFM) images were collected using a Veeco Instruments 
Nanoscope IIIa multimode atomic force microscope in tapping mode using silicon cantilevers 
from Applied NanoStructures, Inc. (Mountain View, CA). Root mean square (RMS) roughness 
and particle size analysis of the images were performed using the NanoScope Analysis v140r1sr4 
software. 
Transmission electron microscopy (TEM) images were acquired using a Zeiss Libra 200 
MC transmission electron microscope that is equipped with a Gatan UltraScan US1000XP CCD 
camera. For thin polymer films, the solution was spin-coated onto a carbon film grid that was 
affixed to a silicon wafer following the same procedure described for spin-coating on silicon 
substrates. The samples were stained by iodine vapor for 24 h. The iodine reacts preferentially 
with PVP, rendering the PVP microdomains dark in the TEM images. Images were acquired at 
the column temperature, which was close to room temperature. 
For cryogenic-transmission electron microscopy (cryo-TEM), the toluene solution of 
polymer at a concentration of 8.0 mg/mL was cooled to 4 °C in order to slow the evaporation of 
the solvent while blotting excess liquid from the lacey carbon films. Droplets of the solution 
were placed on lacey carbon film grids. Excess fluid was blotted to create ultrathin layers of the 
suspension spanning the holes of perforated carbon films. The grids were immediately plunged 
into liquid nitrogen. Vitrified samples were transferred under liquid nitrogen into the 
transmission electron microscope using the Gatan 626 cryo-holder and stage. Sample 
temperature was held at -175 °C. 
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3.4 Results and discussion 
Here the analysis of the structures adopted by the amphiphilic BCPs examined is 
segmented into two parts. In the first, the behavior of the parent PS-PVP BCPs is presented, 
beginning with their solution behavior in the selective solvent toluene and then in terms of the 
structures imaged when solutions are spin cast into thin films. This is followed by sets of results 
obtained on binary mixtures of the copolymers. For the mixed systems, results obtained when the 
copolymers were mixed in equal parts (by mass) are presented first, followed by results obtained 
when the components are mixed in different ratios. 
3.4.1 Self-assembly of BCPs in solution.  
Five groups of PS-PVP BCPs with various molecular architectures and S/V ratios were 
investigated, including three PS-PVP diblock copolymers (referred to as D1, D2, D3), three 
PVP-PS-PVP triblock copolymers (T1, T2, T3), three 8-arm stars (S1, S2, S3), three 26-arm stars 
(S4, S5, S6) and three 40-arm stars (S7, S8, S9). Among these BCPs, samples S1, T1, S1, S4, 
and S7 have small S/V in the range of 1 ≤ S/V ≤ 1.7, samples S2, T2, S2, S5, and S8 have 
moderate S/V of 3.9 ≤ S/V ≤ 5, and samples S3, T3, S3, S6, and S9 have large S/V ratios that 
range from 7 ≤ S/V ≤ 10.6.  
  52 
 
Figure 3-1. Light intensity autocorrelation functions (a), hydrodynamic radii, Rh, distributions (b) 
and apparent diffusion coefficient Dapp versus q
2
 (c) for sample T1 in toluene. Insets in (a) are the 
chemical structures of styrene (left) and 2-vinylpyridine (right).    
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Generally speaking, the amphiphilic nature of PS-PVP BCPs drives their self-assembly in 
a selective solvent such as toluene, where the PS chains are well solvated and extended while the 
PVP blocks collapse and aggregate to avoid contact with the solvent. While the self-assembly 
properties of linear PS-PVP BCPs in toluene have been studied,
32
 to understand the structures 
adopted when mixtures of different copolymers are used, it is important to first investigate the 
parent BCPs. The results obtained from dynamic light scattering (DLS) measurements of the 
parent copolymers are summarized in Table 3-1. As an example, DLS results for sample T1 in 
toluene with polymer concentrations below and/or above the critical micelle concentration 
(CMC) are presented in Figure 3-1. DLS results for all of the other parent copolymers are 
presented in Appendix A. Figure 3-1a shows the normalized light intensity autocorrelation 
function for T1 in toluene at the two concentrations studied. A single decay mode is observed at 
a concentration of 1.0 mg/mL while two decay modes are observed for the solution at 8.0 
mg/mL. Additionally, the light intensity autocorrelation function acquired for T1 in toluene at 
1.0 mg/mL begins at a much lower value (~0.4) and decays more rapidly as compared to that 
measured at 8.0 mg/mL. The Rh distributions presented in Figure 3-1b show a single, sharp 
distribution at 1.0 mg/mL but two well-resolved distributions at 8.0 mg/mL. The distribution 
centered at Rh ≈ 9 nm is observed at both concentrations and is suggestive of single, isolated 
chains while the distribution appearing at Rh ≈ 200 nm in the solution at 8.0 mg/mL suggests 
self-assembled aggregates. Figure 3-1c shows the apparent diffusion coefficients (determined by 
fitting the light intensity autocorrelation function with a double exponential decay) for T1 at 8.0 
mg/mL as a function of q
2
. The characteristic hydrodynamic radii (Rh1 for single chains, Rh2 for 
micellar aggregates), which are presented in Table 3-1, are calculated using the Stokes–Einstein 
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relation from the z-average diffusion coefficient. The Rh1 value for the fast mode observed in 
Figure 3-1c, Rh1 = 9 nm is similar to that obtained for sample T1 in the non-selective good 
solvent THF, Rh,THF = 13 nm (see Appendix A). These results support the conclusion that at c = 
1.0 mg/mL, T1 in toluene exists as isolated chains. In addition to isolated chains, the “slow” 
mode observed at c = 8.0 mg/mL is attributed to micellar aggregates that appear to be spherical 
in shape because Dapp has no q-dependence over the q-range studied.
44,110
 This finding of 
coexistence of single BCP chains and micellar aggregates indicates that these polymer 
amphiphiles follow the closed association model.
96
 The DLS results for other linear copolymers 
are similar to the behaviors exhibited by sample T1, and these are presented in Appendix A. 
The results shown in Table 3-1 indicate that PS-PVP diblocks show bimodal size 
distributions in toluene at a low concentration (1.0 mg/mL), but triblocks only display well-
defined bimodal size distributions at a higher concentration (8.0 mg/mL). This observation of the 
CMC of the triblocks being higher than that of the diblocks is in agreement with previous results 
showing that the CMCs for PS–PVP triblocks and heteroarm stars are several orders of 
magnitude higher than that for diblocks.
36,58
 This behavior arises due to unfavorable steric 
restrictions in triblocks and stars that makes bringing the solvophobic blocks into close proximity 
more difficult.  
The hydrodynamic size distributions for the highly branched 26- and 40-arm stars in 
toluene at a concentration of 1.0 mg/mL are monomodal, and their correlation functions are fit 
well by a single exponential decay function. (See Appendix A.) As expected and as reflected by 
the data in Table 3-1, the 40-arm stars (S7-S9) are larger than the 26-arm stars (S4-S6), and the 
hydrodynamic sizes for the stars having a constant number of arms at medium and large S/Vs are 
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similar, but much larger than the Rh of the stars having a small S/V. Because Rh values for these 
stars range from 40 nm (26 arm, S/V = 1) to 77 nm (40 arm, S/V = 9), two samples were 
measured in the non-selective good solvent THF to determine if these complex macromolecules 
are aggregating in toluene at c = 1.0 mg/mL. The narrow Rh distributions obtained for these 26- 
or 40-arm star copolymers (S6 and S8, respectively) in THF and the similarity in their Rh values 
in toluene and THF (See Appendix A and results in Table 3-1.) suggest that the 26- and 40-arm 
stars exist as unimolecular micelles in toluene. This behavior is believed to be due to the inability 
of the poorly solvated PVP to drive aggregation due to the dense topology resulting from the 
large number of arms and their high molecular weight. 
While it is clear that the particular details of the BCP, including block sizes, composition, 
and architecture, strongly influence the tendency to undergo microphase segregation to form 
aggregates, in the context of the systems studied here the results given in Table 3-1 indicate that 
the 8-arm stars appear to be at the boundary of where centro-symmetric star-like copolymers 
transition from being able to form multimolecular aggregates to only forming unimolecular 
micelles. The 8-arm stars with small and medium S/V (samples S1 and S2) show multimolecular 
micellization behaviors similar to that displayed by the linear BCPs. However, the 8-arm star 
having a large S/V (sample S3) does not form aggregates; instead these stars remain as a 
unimolecular micelle, in a fashion analogous to the behavior observed for the 26- and 40-arm 
stars. 
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3.4.2 BCP assemblies in thin films. 
 
 
Figure 3-2. AFM height images (2 µm × 2 µm) of BCP films. The sample IDs correspond to 
Table 3-1. Brighter areas are higher than darker areas. The Z scale is 15 nm for D1, T1, S1, S4, 
and S7, and 3 nm for the other images. 
 
Spin coating of solution-assembled parent BCPs was used in order to image the 
nanostructures formed by AFM. As the removal of solvent toluene during spin coating is very 
rapid, the as-spun films are often regarded as representing the morphology of the aggregates in 
solution.
81,112
 AFM images of the resulting films of the aggregated PS-PVP BCP system formed 
by self-assembly are presented in Figure 3-2. The horizontal size (radii of the aggregates) and 
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vertical height of the microdomains, as well as the RMS roughness values calculated for the 
films, which were determined from a section analysis of the AFM images, are displayed in 
Figure 3-3. In general, the aggregates appear as circular microdomains (bright regions) covering 
the film surface, although there are clear differences in the size of the aggregates as the 
macromolecular architecture or S/V ratio are changed. The circular particles have horizontal 
dimensions of 40-80 nm (in diameter) for all the films made from BCPs with small S/V ratios, 
which includes samples D1, T1, S1, S4 and S7 (top row of images in Figure 3-2). It is also worth 
noting that the films created by spin-casting the self-assembled PS-PVPs having medium or large 
S/V (center and bottom rows of images in Figure 3-2) are flatter and the particles are smaller 
than those created using the BCPs having low S/V. Figures 3-3a and 3-3b also show that the 
horizontal radius and the vertical height of surface deposited aggregates forming the films 
generally decreases with increasing S/V. In the case of the systems that are able to form micelles 
in solution, we believe that this is as a direct result larger S/V ratios leading to micelles with 
smaller PVP cores and larger PS coronae in toluene. We speculate that the PVP domains play a 
leading role in the morphologies adopted in thin films because the soluble PS domains lose a 
large amount of solvent and spread on the surfaces during the solvent removal process, as 
depicted in Scheme A-2 of the Appendix A. In particular, the “softness” of the larger PS corona 
facilitates the coverage and spreading of the micelles on the surface, as suggested by Scheme 3-
1, leading to smoother, more uniform films. This behavior is also reflected in the RMS roughness 
values calculated for the films. As Figure 3-3c shows, the RMS roughness of the films made by 
spin casting the self-assembled triblocks and stars tends to decrease with the increased S/V for 
BCPs having total molecular weights that are similar. While sample D3 shows a larger roughness 
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compared to sample D2, the former has a much larger total molecular weight and PVP molecular 
weight as compared to the latter. Presumably, the morphology and the roughness of the films are 
affected by both the molecular composition (S/V) and the molecular weight of the BCPs.  
 
 
Figure 3-3. Horizontal radius (a) and vertical height (b) of the microdomains, and RMS 
roughness values calculated for the films (c) as a function of S/V ratio. Error bars are computed 
from the standard deviation of replicate measurements (n = 3 for roughness and n = 20 for radius 
and height). 
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Overall and as expected, self-assembly in thin films of the single component PS-PVP 
BCPs from the selective solvent toluene leads to formation of simple spherical aggregate 
structures regardless of the molecular architecture and composition. In order to demonstrate that 
the structures imaged from spin cast films are representative of their solution structure, disperse 
unimolecular micelles on a silicon substrate prepared by drop-casting from sample S7 toluene 
solution at c = 3.0 µg/mL were imaged by AFM. As shown in Appendix A, an individual 
unimolecular micelle on a substrate surfaces has a hemispherical shape with a horizontal radius 
of ~50 nm, which is in good agreement with DLS results (Rh = 52 nm). However, the 
characteristic dimension of an individual micelle is larger than the aggregate sizes captured by 
AFM imaging of thin films made by spin casting: the corresponding film made by spin casting 
S7 has horizontal feature sizes of 21.5 ± 3.2 nm. As depicted in Appendix A we believe that this 
discrepancy arises because the thin film structures imaged by AFM are mainly the non-collapsed 
parts of the micelles (the “hilltops”), because of how the aggregates spread and cover the surface 
when forming continuous films. This also manifests in the difference between the hydrodynamic 
sizes measured by DLS for the micellar aggregates, which are much larger than the characteristic 
dimensions measured for the thin films. Due to their ability to form spherical micelles in toluene 
and stability when deposited in thin films diblock D1, triblock T1 and 8-arm star S1, all of which 
have small S/V ratios, were selected as the common constituents for binary mixtures. 
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Scheme 3-1. Model structures of BCP micelles with different core and corona sizes formed in 
selective solvents and on solid surfaces through spin-assisted assembly. 
 
Table 3-2 identifies the variety of binary mixtures made. Diblock sample D1 was mixed 
with triblocks T1, T2, and T3 and 8-arm stars S1, S2, and S3, which represents blending at 
varying S/V ratios. Binary mixtures at small S/V were also examined by mixing D1 with stars 
S1, S4, and S7, which span a range in number of arms, f, from 8 to 26 to 40. Similarly, triblock 
T1 was mixed with stars S1, S2, S3, S4, and S7, and binary mixtures of star S1 with triblocks T1, 
T2, and T3 were also made. In all of these experiments, the copolymers were combined at a 
mixing ratio of 1:1 by weight using the premixing strategy described earlier. Mixing at different 
ratios is discussed later. 
  61 
Table 3-2. Mixing strategy by varying component architecture and self-assembly properties of 
PS–PVP BCP mixtures at a mixing ratio of 1:1 (by weight) in toluene solutions and in thin film 
form. 
mixture 
ID 
polymer 
Ia 
polymer 
IIa 
average 
S/Vb 
Rh1 
(nm)c 
Rh2 
(nm)c 
Rh3 
(nm)c 
RMS 
roughness 
(nm)d 
horizontal 
radius 
(nm)e 
vertical 
height 
(nm)e morphologyf 
D1+T1 D1 T1 1.3 21 492  2.0 ± 0.5 29.5 ± 4.4 3.3 ± 0.5 S 
D1+T2 D1 T2 2.5 13 325  0.8 ± 0.4 27.6 ± 4.6 1.1 ± 0.3 S 
D1+T3 D1 T3 3.3 20 381  0.8 ± 0.3 24.5 ± 2.1 1.1 ± 0.4 S 
D1+S1 D1 S1 1.3 16 248 686 2.1 ± 0.3   W 
D1+S2 D1 S2 2.2 13 224 456 1.2 ± 0.6 24.2 ± 6.0 1.1 ± 0.3 S 
D1+S3 D1 S3 3 13 82 432 0.9 ± 0.4 23.8 ± 4.5 1.0 ± 0.2 S 
D1+S4 D1 S4 1.3 31 436  2.3 ± 0.5 25.3 ± 7.1 2.7 ± 0.8 S 
D1+S7 D1 S7 1.3 66 670  4.4 ± 0.1 23.3 ± 7.5 1.3 ± 0.6 S 
T1+S1 T1 S1 1 22 328  1.9 ± 0.9   W 
T1+S2 T1 S2 1.7 12 114  9.5 ± 1.7   H 
T1+S3 T1 S3 2.2 14 476  7.1 ± 0.1   H 
T1+S4 T1 S4 1 15 68  4.6 ± 1.6   W 
T1+S7 T1 S7 1 22 81  2.4 ± 0.5   W 
S1+T2 S1 T2 1.9 17 160 595 2.4 ± 0.4 26.8 ± 3.3 1.8 ± 0.8 S 
S1+T3 S1 T3 2.4 13 121 347 7.6 ± 0.8   H 
 
aSample IDs of polymer I and polymer II correspond to the parent BCPs listed in Table 3-1. 
bAverage composition of the blend. cDetermined by DLS in toluene at c = 8.0 mg/mL. dAcquired 
by AFM roughness analysis with uncertainty expressed by the standard deviation (n = 3). 
eMeasured by AFM section analysis of the films with homogeneous spherical aggregate 
structures with uncertainty expressed by the standard deviation (n = 20). fMorphology of 
aggregates observed in thin film: S for spherical aggregate structures, W for worm-like 
structures, and H for hierarchical structures. 
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The morphology of the self-assembled structures formed by premixing the amphiphilic 
BCPs was investigated in thin film form using AFM. Figure 3-4 displays the AFM topography 
images of thin films resulting from binary mixtures of linear copolymers, namely 
diblock+triblock mixtures D1+T1, D1+T2, and D1+T3, as well as of diblock+star mixtures 
D1+S1, D1+S2, D1+S3, D1+S4, and D1+S7. The films of diblock+triblock copolymer pairs 
show spherical aggregate structures, and the particle sizes slightly decrease as the average 
composition expressed through the average S/V ratio (given in Table 3-2) of the blends 
increases. This trend is similar to that for the pure triblocks (T1, T2, T3), but the differences in 
characteristic particle sizes (radius as measured by AFM) of the diblock+triblock copolymer 
mixtures are smaller than those determined for the pure triblocks. This finding is similar to the 
report of Yoo et al.,
56
 who showed that when two different micelle-forming diblock copolymers 
were combined by premixing the copolymers in a common good solvent, the resultant micelles 
were of a “hybridized” (intermediate) size. Remarkably, most films of diblock/star copolymer 
mixtures exhibit spherical aggregate structures, only the spin cast film of aggregates formed by 
premixing D1+S1 (Figure 3-4b) shows cylindrical microdomains oriented parallel to the 
substrate, which can be described as worm-like or bicontinuous structures. These distorted 
worm-like structures, which usually exist in films created from blending BCPs,
56,113
 have been 
proposed by Hashimoto and coworkers to originate from a cosurfactant effect and blending.
113
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Figure 3-4. AFM height images (2 µm × 2 µm) of the films of BCP mixtures of D1+T1 (a), 
D1+S1 (b), D1+T2 (c), D1+S2 (d), D1+T3 (e), D1+S3 (f), D1+S4 (g) and D1+S7 (h) at a mixing 
ratio of 1:1 by weight. The Z scale is 15 nm for (a, b), 5 nm for (c, d, e, and f), and 20 nm for (g, 
h). 
 
As captured by the data presented in Table 3-2, for films created from binary mixtures of 
diblock and star copolymers, the general trend is that the RMS roughnesses of these films 
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decrease with increasing average S/V ratios. This behavior, which is consistent with trends 
observed for the parent materials, is most clearly observed in mixtures D1+S1, D1+S2 and 
D1+S3, where the number of arms is held constant at f = 8. Also, the data in Table 3-2 show that 
there is also an increase in the RMS roughness as the number of arms of the stars increases, as 
evidenced through the mixed systems of D1+S1, D1+S4 and D1+S7, which have a constant 
average composition (average S/V = 1.3). Mixtures of D1 with stars of small S/V, namely 
D1+S1, D1+S4, and D1+S7, produce films that entirely cover the surface and have large 
roughness values. This is especially true for D1+S7 mixture, where the RMS roughness is ~4.4 
nm due to the present of large bulges on the film surface. The small S/V ratio (large PVP 
content), highly branched architecture and large molecular weight of S7 seem to facilitate 
aggregation (as observed in Figure 3-2 for S7), and as a result, blending of S7 with D1 leads to 
rougher surfaces (Figure 3-4h) compared to the films made from the parent BCPs. 
Mixtures of triblocks and star copolymers seem to adopt more complex aggregate 
structures than blends of diblocks and stars. As shown in Table 3-2, the film RMS roughnesses 
for triblock+star copolymer are large in comparison and they also do not follow the trend 
established by the diblock+star mixtures of decreasing with increasing S/V. Moreover, the films 
cast from mixtures of T1 with stars at a constant S/V = 1 (T1+S1, T1+S4, T1+S7) exhibit worm-
like structures (Figures 3-5a-c), similar to the film morphology for D1+S1. The lengths of the 
cylinders in these films generally decrease with increasing number of arms in the star BCP. As 
shown in Figure 3-5d, the film of S1+T2 mixture exhibits nearly spherical aggregates (that may 
be described as intermediate between spheres and short cylinders) with a horizontal particle 
radius of ~26.8 nm and a vertical particle height of ~1.8 nm. Moreover, some of the triblock+star 
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copolymer mixtures – specifically T1+S2, S1+T3 and T1+S3 mixtures – can form what appear to 
be hierarchical morphologies with distinct primary and secondary structures when spin cast as 
films, as shown in Figures 3-5e-g. The primary structures of these hierarchical morphologies are 
large-scale cylinders (Figure 3-5e) or spheres (Figure 3-5g) with a secondary structure that 
appears to be thin worm-like domains on the surfaces of the large aggregates. Among these, 
aggregates in thin films created from the mixture T1 + S3 are remarkable for their hierarchical 
structure that consists of a spherical primary structure and worm-like secondary structure, which 
gives the aggregates the appearance of a brain coral or a walnut. This structure has a horizontal 
diameter of ~600 nm and a vertical height of ~16 nm (Figure 3-5g). Similar walnut-like 
hierarchical structures made up of a network of polyaniline nanofibers polymerized on cationic 
surface-decorated PS microspheres have been reported; however the operative process that leads 
to the interesting hierarchical structure springs from adsorption of cationic surfactant and its 
ability to direct the oxidative polymerization.
114
 A similar hierarchical structure consisting of a 
sphere with striated domains was created by microphase separation of fluorine-containing 
diblock copolymers: Zhang and coworkers demonstrated that by controlling the addition of the 
poor solvent water into a homogeneous solution of the copolymer in THF, soft nanoparticles 
having diverse internal and hierarchical structures could be created.
115
 As demonstrated here, 
spin casting binary mixtures of complex PS-PVP BCPs, i.e. triblock+star copolymer pairs, 
appears to be another path toward creating supramolecular, hierarchically structured aggregates 
via self-assembly.  
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Figure 3-5. AFM height images (2 µm × 2 µm) of the films of triblock/star copolymer mixtures 
of T1+S1 (a), T1+S4 (b), T1+S7 (c), S1+T2 (d), T1+S2 (e), S1+T3 (f) and T1+S3 (g) at a mixing 
ratio of 1:1 by weight. The Z scale is 15 nm for (a-d) and 40 nm for (e-g). (h) TEM image of the 
film in (g) with PVP blocks stained by iodine vapor, the inset is the large area TEM image. 
 
In order to provide additional detail of the structure of these hierarchical aggregates, the 
film of T1+S3 mixture was characterized by TEM after using iodine to stain the PVP segments 
selectively. As shown in Figure 3-5h and its inset, the PVP blocks (darker regions) are generally 
organized into spherical domains separated by the brighter PS phase, and the large compound 
micelles have diameters ranging from ~500 to ~1000 nm that appear to consist of an aggregation 
of simple spherical micelles having PVP cores and PS coronae. There are some smaller 
compound micelles comprised of several simple micelles around the large ones that also can be 
seen in the AFM image (Figure 3-5g). In total, the results suggest that there are three typical 
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morphologies adopted in films comprised of self-assembled PS–PVP BCP mixtures, namely (i) 
spherical, (ii) worm-like, and (iii) hierarchical structures, each of which is represented by the 
binary mixtures D1+T1, D1+S1, and T1+S3, respectively.  
While it is generally accepted that there is correspondence between the structures imaged 
in thin film form and those present in solution,
32,113,116
 the thin film structures imaged by AFM 
may be affected by changes in morphology due to solvent evaporation, surface interactions and 
spreading. Therefore, cryo-TEM imaging provides more direct information regarding the 
morphologies adopted by the BCP mixtures in solution.
32,111
 The representative mixtures of 
D1+T1, D1+S1 and T1+S3 were imaged by cryo-TEM at -175 °C, and representative images are 
presented in Figures 3-6a-c. As shown in Figure 3-6a, simple spherical micelles with an average 
diameter of 36.7 ± 7.3 nm are clearly seen in the vitrified solution of D1+T1 mixture. The size of 
the micelles present in the solution as determined from the cryo-TEM images is slightly smaller 
than the horizontal particle size extracted from images of thin films acquired by AFM. We 
suspect this discrepancy is because the micelles spread horizontally as they collapse on surfaces 
due to the transverse shear stress and solvent evaporation during spin-coating. In the D1+T1 
mixture, the diblocks and triblocks jointly participate in self-assembly and make up the hybrid 
micelles which generally consist of a spherical PVP core surrounded by PS coronal chains in 
toluene. In the case of D1+S1 mixture, no cylindrical aggregates are observed in the bulk 
solution – only spheres with an average diameter of 24.0 ± 4.6 nm are observed, as shown in 
Figure 3-6b. This fact indicates that the worm-like structures observed when thin films were 
imaged are mainly due to the merging of spherical micelles during the spin coating process. The 
obvious morphological reconstruction in thin films occurs in specific BCP mixed systems and 
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appears to be linked to certain component architectures. For T1+S3 mixture, as shown in Figure 
3-6c, large compound micelles with a diameter of ~350 nm are observed, their sizes are much 
larger than those of simple spherical micelles, and are highly polydisperse. Notably, no 
hierarchical structures can be seen on the swollen large compound micelles in toluene solution. 
Therefore, the hierarchical structures in thin films as shown in Figure 3-5g are also formed 
during the solvent removal process, due to the substantial collapse of PS microdomains. 
The self-assembly properties of PS–PVP BCP binary mixtures in toluene at c = 8.0 
mg/mL were also investigated by DLS. They exhibit bimodal and even trimodal Rh distributions, 
as observed from results presented in Appendix A. In Table 3-2 the hydrodynamic sizes of the 
aggregates are presented using Rh1 and Rh2 for the systems with bimodal distributions and Rh1, 
Rh2 and Rh3 for the systems having trimodal Rh distributions. The Rh2 and Rh3 values in the 
bimodal or trimodal systems that adopt simple spherical micelles are usually much larger than 
the sizes deduced from AFM and cryo-TEM imaging (e.g., D1+T1 mixture), suggesting the 
formation of aggregates. 
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Figure 3-6. (a-c) Cryo-TEM images of the BCP mixtures of D1+T1 (a), D1+S1 (b) and T1+S3 
(c) at a mixing ratio of 1:1 by weight in toluene. The scale bar is 200 nm. 
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The Rh2 values corresponding to the large compound aggregates present in the bimodal systems 
are sometimes much smaller than the sizes obtained by AFM (e.g., T1+S2 mixture); we believe 
this is due to the problem of multiple scattering by the large particles, which leads to a 
falsification of the angular distribution of scattered light that impacts the measured particle size 
distribution.
117
 While multiple scattering can be avoided by using solutions of low concentration 
(e.g., at 1.0 mg/mL), the micellar aggregates disassemble or the mixtures show different self-
assembly behaviors at this concentration (see Appendix A), due to the high CMCs for the parent 
BCPs. 
 
3.4.3 Compositionally complex binary BCP mixtures. 
The average composition of the blend is known to be an important variable that strongly 
affects the self-assembled structures in systems where the parent BCPs have the same molecular 
architecture (e.g., diblock+diblock copolymer mixtures).
27
 In this study, the mixtures are made 
from two BCPs with different macromolecular architectures. As shown in Table 3-2, BCP 
mixtures with different component architectures display diverse self-assembled structures in thin 
films, even though they have an identical average composition. This points to component 
architecture as a significant factor in the self-assembly behaviors of BCP mixtures, rather than 
the average composition of the blend. To support this contention, the composition-controlled 
self-assembly of BCP mixtures is illustrated using three PS–PVP BCP mixtures with BCP 
components of different architecture. Table 3-3 lists components uses and the mixing strategy, 
and for convenience, we substitute the average composition of the blend for the mass fraction of 
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the component. In the binary mixtures, the mass fractions of polymer I gradually decrease from 
100% to 75% to 50% to 25% to 0%, with the mass fractions of polymer II increasing 
correspondingly. 
As shown in Figures 3-7a and 3-7b (as well as results presented in Figures 3-2 and 3-4), 
thin films made by mixtures of D1+T1, produce films with spherical aggregate structures for all 
blend compositions. Figure 3-8a presents the horizontal radii and the vertical heights of the 
aggregates in the films versus the mass fraction of T1 in D1+T1 mixtures. Both the horizontal 
and the vertical sizes of the particles formed from D1+T1 mixtures increase with the increasing 
fraction of T1 component, mainly because of the larger micelle size for T1 than that for D1. As 
the spherical particles formed from binary BCP mixtures usually show particle sizes that are 
intermediate or approximately equal to the ensembles made from the parent BCPs (see Tables 3-
1 and 3-2), the results show that the particle sizes can be adjusted in a small range by tailoring 
the mixing ratio.  
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Figure 3-7. AFM height images (2 µm × 2 µm) of the films of BCP mixtures of D1+T1 (a, b), 
D1+S1 (c, d) and T1+S3 (e, f) at mixing ratios of 3:1 (a, c, e) and 1:3 (b, d, f) by weight. The Z 
scale is 15 nm for (a-d) and 40 nm for (e, f). 
 
As to the self-assembly of D1+S1 copolymer mixtures in thin films, the parent D1 and S1 
copolymers adopt simple spherical aggregate structures, as seen in Figure 3-2. The D1+S1 
mixture at a mixing ratio of 3/1 by weight (Figure 3-7c) shows spherical aggregate structures 
with an average horizontal radius (in the plane of the film) of 30.7 ± 5.6 nm and an average 
height (out of the plane of the film) of 3.0 ± 0.8 nm, while D1+S1 mixtures at mixing ratios of 
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1:1 (Figure 3-4b) and 1:3 by weight (Figure 3-7d) produce films with cylindrical aggregate 
(worm-like) structures having horizontal diameters of the cylinders of ~34 and ~22 nm, 
respectively. The complex molecular architecture of the star copolymers is likely the origin of 
structural variation that can be realized in their micellar aggregates. The introduction of a small 
amount of diblock D1 into the star S1 system allows them to change their structure from 
spherical to cylindrical aggregates. This is reflected in the small cylindrical aggregates formed 
when D1+S1 mixture at a mixing ratio of 1:3 by weight is cast into thin films. Further addition of 
D1 to 50 wt% causes a maximum degree of hybridization in the mixed systems, and the mixture 
microphase segregates into large cylindrical aggregates. When the fraction of D1 in the mixture 
reaches 75 wt%, the self-assembly behavior of the mixed system is dominated the self-assembly 
behavior of D1, and the mixed system recovers the spherical aggregate structures.  
Previously it was shown that spin casting the 1/1 mixture of T1+S3 creates the unusual, 
hierarchically structured aggregates that resemble a brain coral. Self-assembled mixtures of 
T1+S3 with a T1 fraction of 75 wt% adopt spherical structures when cast as thin films (Figure 3-
7e), with the aggregates having an average in-plane radius of 28.1 ± 4.5 nm. In contrast to other 
mixtures, this film does not completely cover the surface – there are micropores with a horizontal 
radius of ~600 nm and a vertical depth of ~40 nm (Figure 3-7e). When the relative amount of S3 
is increased to 75 wt%, as shown in Figure 3-7f, hierarchical morphologies with spherical 
primary and worm-like secondary structures are observed. The primary particles have an average 
horizontal diameter of 286 ± 94 nm, which is smaller than the brain coral-like aggregates made 
from the T1+S3 copolymer mixture at a mixing ratio of 1:1 (by weight), due to the low degree of 
hybridization for the 1/3 mixture of T1+S3. 
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Table 3-3. Mixing strategy by varying blend composition. 
 
polymer I 
 
polymer II 
 
morphology
a
 
mass fraction of polymer II in the blend 
0 % 25 % 50 % 75 % 100 % 
D1 T1 S 1.7
b
 1.5 1.3 1.1 1 
D1 S1 W 1.7 1.5 1.3 1.1 1 
T1 S3 H 1 1.4 2.2 3.6 7 
 
aMorphology of aggregates in thin films at a mixing ratio of w:w = 1:1, using S for spherical 
aggregate structures, W for worm-like structures, and H for hierarchical structures). bAverage 
composition (average S/V) of the blend. 
 
The film morphologies observed from the three BCP mixtures as a function of blend 
composition are summarized and presented in Figure 3-8b. As shown in Figure 3-8b, the 
mixtures exhibit spherical aggregate structures when the mass fraction of linear BCPs – either 
diblock D1 or triblock T1 – exceeds 50%. However, D1+S1 and T1+S3 copolymer mixtures can 
form worm-like and hierarchically structured aggregates, respectively, when the fraction of star 
copolymer in the blend reaches or exceed 50 wt%. We suspect that these complex microphase 
separated film structures arise because mixing the linear and star block copolymers provides 
additional degrees-of-freedom in terms of how the macromolecules balance chain stretching and 
segregation and interface creation during self-assembly.
118
 From the results of three typical BCP 
mixtures at different compositions, we can conclude that linear BCPs have the tendency to guide 
the mixtures to form spherical aggregate structures. 
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Figure 3-8. (a) Horizontal radius and vertical height of the microdomains in the films of D1+T1 
BCP mixtures as a function of the mass fraction of T1. The error bars reflect the standard 
deviation of replicate measurements (n = 20). (b) Dependence of film morphologies of three 
typical BCP mixtures as a function of the mass composition of the blended BCPs. 
 
In contrast, and although star copolymers tend to adopt spherical aggregate structures on 
their own, the complex architecture endows them with the latent capacity to dominate the 
formation of ensembles, steering the mixed system toward more complex shapes. Moreover, 
while the architectures of the component block copolymers has primary influence on the 
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structure adopted by the micellar aggregates in binary mixtures, minor changes in the structures 
can be achieved by adjusting the average composition of the blend. 
 
3.5 Conclusions 
We have presented a systematic study on self-assembly of complex surfactant-like BCPs 
and their binary mixtures that are diverse in their architectures and compositions. Our findings 
demonstrate that the combination of mixing chains of different architectures and compositions 
changes the self-assembly behavior, leading in some cases to more complex aggregate structures, 
particularly upon reconstruction during spin casting, which allows worm-like structures and 
exotic hierarchical aggregates to be formed. The origin of these behaviors is attributed to the 
ability of the mixed systems to mediate interfacial curvature and chain stretching. While the rules 
governing self-assembly of complex BCPs and the relationships between solution and thin film 
structures are yet to be elucidated, this study points toward new approaches for making unusual 
and sophisticated structures from simpler building blocks and the development of useful novel 
nano- and meso-structures and devices based on soft matter. 
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Chapter 4: Solution Properties of Architecturally Complex Multiarm Star 
Diblock Copolymers in Non-selective and Selective Solvents for the Inner 
Block 
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4.1 Abstract 
In comparison to the behavior of linear block copolymers, much less is known about the 
structure and properties of highly branched polymeric materials. Motivated by this, the solution 
properties of a series of 26- and 40-arm polystyrene-poly(2-vinylpyridine) (PS-PVP) star diblock 
copolymers of different weight-average molecular weight (Mw) and styrene to 2-vinylpyridine 
(S/V) ratios are studied. These stars are investigated in tetrahydrofuran, THF, a 
thermodynamically good solvent for both blocks, and in toluene, a solvent that is selective for 
the inner PS block. It is found that in both THF and toluene the 26- and 40-arm stars remain 
dispersed as unimolecular star block copolymers. The hydrodynamic radius, Rh, increases with 
PS Mw and number of arms, with the stars of highest Mw and number of arms having the largest 
Rh. Concentration studies show that each star  maintains its characteristic size: at low and at high 
concentration, the Rh and the radius of gyration, Rg, remain constant across the concentration 
range studied. Rg/Rh or ρ ratio is ≈1.0, suggesting that these stars do not behave as homogenous 
hard spheres, but rather exhibit Gaussian soft sphere characteristics. TEM images indicate that 
these stars form an asymmetric structure in toluene due to the intramicellar microphase 
segregation of the arms: The PVP blocks collapse and aggregate within the unimolecular 
structure while the PS blocks stretch and shield the aggregated PVP domain.  Despite the strong 
tendency of PVP blocks to aggregate in toluene, repulsive steric interactions between solvated 
PS blocks prevent PVP domains of selectively-solvated stars from aggregating and forming 
multimolecular aggregates. These results shed new light on how block copolymers of complex 
architecture organize in solution. 
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4.2 Introduction 
Amphiphilic (“dual loving”) block copolymers (ABCs) are macromolecular analogs of 
surfactants that contain solvophobic and solvophilic blocks that are linked by covalent bonds. 
For example, polystyrene-poly(2-vinylpyridine) (PS-PVP) diblock copolymers are archetypal 
ABCs: when dissolved in a selective solvent such as toluene, which is thermodynamically good 
for PS but poor for PVP, PS-PVP diblock copolymers can undergo microphase separation, 
creating micellar ensembles by self-assembly. The size and shape of the aggregate depend on the 
sizes of the constituent blocks, with spherical, cylindrical and vesicular structures forming due to 
the tendency of the blocks to microphase segregate in the selective solvent.
2
 The insoluble PVP 
blocks segregate to the inside, or core, of the micelle in a PS-selective solvent, while the soluble 
PS blocks remain in contact with the solvent, forming the corona of the micelle.  
Micellization of block copolymers occurs at or above the critical micelle concentration 
(CMC) with the assembly driven by a balance of repulsive interactions between stretched, 
solvated blocks of the corona, the desire of the non-solvated blocks to minimize contact with the 
solvent, and the cost of creating an interface between the soluble and insoluble blocks.
119
 There 
are two main models that describe micellization. The first is the open association model, which 
describes the formation of micelles with no unimers in solution. However, this model is rarely 
appropriate because it suggests that a CMC does not exist: the copolymers readily aggregate, 
forming structures with no well-defined number of chains (thus leading to a distribution of 
aggregate sizes). The second, the closed association model, describes the formation of micellar 
structures at and above the CMC with thermodynamic equilibrium established between those 
well-defined aggregates and single chains that are present in solution.
10,120
 
  80 
The spontaneous generation of complex, well-organized structures from polymeric 
building blocks in which domain sizes, properties and interactions can be set by the variety of 
monomer types that can be used, and finely controlled by tailoring block sizes and relative 
volume fractions has found use in the medical and chemical industries. For example, spherical 
micelles and vesicles are candidates for the delivery of drugs in the fight against diseases, such 
as cancer.
120,121,122
 In this application, ABCs enhance drug solubilization/stabilization and the 
encapsulation alters the pharmacokinetic profile, providing a way to control drug release.
28
 
ABCs may also find application in environmental remediation because they can solubilize 
contaminants present after an environmental disaster, such as an oil spill.
20
 ABCs can also be 
used to form patterned surfaces for microelectronics and bit-patterned media, as well as to 
pattern catalytic sites.
123,16 
While the volume fraction, degree of polymerization, and interaction energies dominate 
the morphological phase behavior of ABCs, architecture (topology) also affects self-
assembly.
10,50
 Due to recent advances in living polymerization techniques, architecturally 
complex star diblock copolymers and homopolymers with numbers of arms ranging from 3 to 
greater than 100 have been synthesized with low polydispersities.
124,42,125
 In comparison to an 
enormous number of studies focused on linear ABCs, there are few reports on solution and 
surface self-assembly properties of multiarm star diblock copolymers.
126-21 
Highly dense 
multiarm star block copolymers have the unique ability to form thermodynamically stable 
unimolecular constructs in solution.
50,127
 They also possess superior mechanical and rheological 
properties as compared to their linear counterparts of similar weight-average molecular weight 
(Mw).
49
 Amphiphilic star block copolymers are architecturally different from heteroarm and 
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miktoarm stars. Heteroarm and miktoarm stars consist of two (or more) distinctly different types 
of homopolymer arms emanating from a single core, with heteroarm stars having an equal 
number of arms of each monomer type while miktoarm stars are asymmetric in the number of 
arms of each type.
128
 Amphiphilic star block copolymers have arms consisting of covalently 
linked amphiphilic blocks emanating from a single core, which governs their self-assembly 
behaviors.
50,51 
There are only a few reports of amphiphilic star block copolymers with a large number of 
arms having been studied in solution and at surfaces.
45,50
 With respect to varying solvent 
conditions, Nguyen et al. investigated two high molecular weight 18-arm star polyisoprene-b-
polystyrene (from here on, the inner block is named first) diblock copolymers in six different 
solvents at 35 °C by light scattering. Two of the solvents used were good solvents for both 
blocks; another two were chosen such that each was selective for one of the blocks; and the final 
two were chosen so that they were isorefractive solvents with one of the individual blocks. The 
authors suggested that the highly stretched polystyrene blocks formed the corona of the star, 
whereas the polyisoprene blocks formed the core with the overall morphology displaying 
segregation between PS and PI domains. Furthermore, studies in the isorefractive solvents 
(chlorobenzene and bromoform, which are isorefractive good solvents for polyisoprene and 
polystyrene, respectively) showed that the blocks microphase segregated strongly, with the inner 
PI core being of similar geometric dimension to its corresponding 18-arm homopolyisoprene 
star.
129
 
It has been demonstrated that the number of arms and block composition can also affect 
the self-assembly behavior of architecturally complex star block copolymers. Strandman et al. 
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investigated the properties of poly(methyl methacrylate)-b-poly(acrylic acid) (PMMA-b-PAA) 
amphiphilic 8-arm and 4-arm star block copolymers in aqueous solution. A combination of 
simulation and experimental techniques was used to investigate the effects of salt, pH, ionic 
strength and arm number on the self-assembly. The critical aggregation concentration (cac) of 
the stars was dependent on the length of the hydrophobic PMMA block. Stars with longer 
hydrophobic blocks had a lower cac, and the aggregation number was dependent on the number 
of arms. Below the cac and in the absence of added salt, the stars existed as unimolecular 
micelles. The addition of salt caused a morphological transition in the 4-arm stars from spherical 
to worm-like aggregates. However, this phase transition was not observed with the more 
crowded 8-arm stars, due to the shielding effect of its arms.
130,131,132
 
With the knowledge that composition and architecture (geometric constraints) caused by 
attaching numerous arms about a central junction impact the self-assembly behavior of ABCs, 
we investigate the solution phase behavior of six PS-PVP star diblock copolymers of different 
Mw, styrene to 2-vinylpyridine ratio, S/V, and numbers of arms in a thermodynamically non-
selective good solvent for both blocks and in a solvent that is selective for the inner PS block. In 
my previous studies (Chapter 3) focused on the structures adopted when ABCs of different 
architecture, size and composition are mixed, we characterized these six stars by DLS at the 
single concentration used for mixed self-assembly.
133
 Here I use a combination of dynamic and 
static light scattering (DLS and SLS) and transmission electron microscopy (TEM) to elucidate 
solution structure and self-assembly behaviors as a function of macromolecular design in a 
systematic fashion as a function of concentration. 
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4.3 Experimental 
4.3.1 Materials 
Multiarm star copolymers were synthesized via anionic polymerization using custom 
built, all-glass reactors with breakseals. The polystyrene (PS) block is polymerized first in 
benzene at room temperature from an oligo(styryl)lithium grafted poly(divinylbenzene) core 
followed by crossover to polymerize 2-vinylpyridine in tetrahydrofuran (THF) at -78 °C. This 
synthetic approach yields polystyrene-b-poly(vinylpyridine) star block copolymers with outer 
PVP blocks that form the corona and that are covalently linked to the inner PS blocks. More 
details on the synthesis of these block copolymers can be found in an early publication.
24
 The 
samples were characterized by a combination of multiangle laser light scattering, 
1
H NMR, and 
elemental analysis,
24
 and the results are summarized in the first three columns of Table 4-1. 
Throughout this Chapter, including in the tables and figures, the multiarm star copolymers are 
referred to as [PSmPVPn]f where f is the average number of arms and the subscripts m and n refer 
to the molecular weight (Mw) of the PS and PVP blocks, in thousands, respectively. The styrene 
to 2-vinylpyridine ratio (S/V) is also reported. It is important to appreciate that the synthetic 
approach of using a crosslinked core from which the arms are grown and using fractionation to 
purify the stars naturally leads to a product that is disperse in terms of block length distributions, 
numbers of arms and, potentially, core size. Thus, even though we capture design variations with 
average measures (m, n, f and S/V) and one can calculate the average Mw by the product f(m+n) 
we expect the samples to be more heterogenous even though anionic methods are used. THF 
(99%) and toluene (HPLC grade) were purchased from Alfa Aesar and used as received. 
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4.3.2 Block copolymer solution preparation.  
THF and toluene stock solutions of the PS-PVP star block copolymers were prepared 
gravimetrically by adding solvent, filtered through 0.2 𝜇m PTFE filters (Millipore), to bulk 
copolymer that was weighed into previously cleaned, dust-free vials. Stock solutions were 
equilibrated at room temperature for at least 5 days. Then, 24 h prior to a light scattering 
experiment, an aliquot was taken from the stock solution, transferred into a previously cleaned 
vial, and diluted with filtered solvent (0.2 𝜇m PTFE) to create a solution of the desired 
concentration. Concentrations examined ranged from nominally 0.001 mg/mL to 10.0 mg/mL. A 
total of five concentrations were studied. 
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Table 4-1. Macromolecular properties of 26- and 40-arm star diblock copolymers. 
 
a
The multiarm star copolymers are referred to as [PSmPVPn]f where f is the number of arms and 
the subscripts m and n refers to the molecular weight (Mw) of the PS and PVP blocks in 
thousands, respectively. 
b
Rh,app calculated from Ds values obtained from the slope of the best fit 
line of Γ versus q2 at c = 2.5 mg/mL. cRh,app calculated from <D>z values, which are obtained by 
extrapolating to zero scattering angle the best fit line through light scattering data plotted as Γ/q2 
versus q
2
 at c = 2.5 mg/mL. 
d
Diffusion coefficient and hydrodynamic radius found by 
extrapolation to c = 0. Concentrations are nominal values.  
Sample ID
a
 PDI S/V c(mg/mL) 
R
h,app
b 
(nm) 
R
h,app
c 
(nm) 
D
0
 (cm
2
/s)
d Rh,0 
(nm)
d 
Toluene 
[PS50-PVP50]26 1.23 1 2.49 38 50 81018.8   48 
[PS102.5-PVP20.5]26 1.45 5 2.47 57 59 81001.7   56 
[PS103.8-PVP11.5]26 1.36 9 2.48 56 59 81038.7   53 
[PS
53.8
-PVP
53.8
]40 1.26 1 2.32 52 61 81063.6   59 
[PS
106.3
-PVP
21.3
]40 1.16 5 2.48 79 85 81063.4   85 
[PS
108
-PVP
12
]40 1.30 9 2.47 71 79 81099.4   79 
THF 
[PS103.8-PVP11.5]26 1.36 9 3.06 60 59 81099.8   54 
[PS
106.3
-PVP
21.3
]40 1.16 5 2.06 72 78 81097.5   81 
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4.3.3 Characterization by light scattering and theory 
The analysis procedures used with DLS and SLS can be found in Chapter 2.  
 
4.3.4 Characterization by transmission electron microscopy 
To prepare samples for imaging by transmission electron microscopy (TEM), a pipette 
was used to dropcast a small amount of polymer solution onto the carbon film grid, and the films 
were allowed to dry. Because of the rapid solvent evaporation and the high glass transition 
temperature, Tg, of PS (104 °C) and PVP (105 °C), the native morphology in solution is expected 
to be preserved.
134
 Before imaging, the selected sample was stained by exposure to iodine vapor 
for 24 h, which renders the PVP microdomains dark in the images. Because carbon film grids 
were used, to facilitate imaging the entire structure, selected samples were also stained using 
ruthenium tetroxide (RuO4), which stains both PS and PVP domains.
135
 In addition, to provide 
contrast between the PS and PVP domains and the solid carbon film, we dissolved gold(III) 
chloride trihydrate in the star block copolymer solution and stirred for 24 h. The solution was 
subsequently dropcast and stained on carbon film grid using the procedure previously described. 
Gold(III) chloride trihydrate preferentially interacts with the PVP domains, rendering it darker 
than the PS blocks due to the formation of gold nanoparticles under the electron beam during 
TEM imaging.
136
 Images were acquired at column temperature using a Zeiss Libra 200 MC 
transmission electron microscope. Gatan UltraScan US1000XP CCD camera was used to record 
the images using the Digital Micrograph software package. 
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4.4 Results and discussion 
4.4.1 Hydrodynamics of architecturally and compositionally diverse star copolymers 
The solution properties of the three 26-arm and the three 40-arm stars with varying block 
lengths and styrene to 2-vinylpyridine (S/V) ratios in the range of 1 ≤ S/V ≤ 9 were investigated. 
Figures 4-1A and 4-1B show the normalized light intensity autocorrelation function for all of the 
stars at c = 2.5 mg/mL in toluene, which is preferential and thermodynamically good for the PS 
blocks. The decay of the autocorrelation function depends markedly on the size of the scattering 
particles, and in this case the light intensity autocorrelation functions are well-fit by a single 
exponential decay function, which suggests that there is only one population of scatterers in 
solution for each star. The normalized amplitude distribution functions for the 26-arm and 40-
arm stars at c = 2.5 mg/mL are shown in Figure 4-1C and 4-1D, respectively. In Figure 4-1C, 
stars [PS50-PVP50]26, [PS103.8-PVP11.5]26 and [PS102.5-PVP20.5]26 show broad distributions and the 
peak shifts to higher Rh as the total Mw of the star block copolymers increases. Figure 4-1D 
shows three relatively narrow distributions for the 40-arm stars with peaks for samples [PS106.3-
PVP21.3]40 and [PS108-PVP12]40 overlapping, which indicates similar hydrodynamic sizes (size 
distributions) for these two high Mw 40-arm stars having medium and high S/V ratios. While it is 
possible to force the fitting to yield two narrower (but overlapping distributions), given the 
heterogeneity of the stars imparted by the synthesis and purification methods it seems 
unreasonable to do so.
137
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Figure 4-1. (A) Light intensity autocorrelation functions for the 26-arm stars and (B) the 40-arm 
stars in toluene at c = 2.5 mg/mL at a scattering angle of 88°. (C) Apparent hydrodynamic radii, 
Rh, distributions for the 26-arm stars and (D) the 40-arm stars at c = 2.5 mg/mL and a scattering 
angle of 88°. The colors and symbols are assigned and used consistently in other plots presenting 
data from DLS measurements in toluene. Concentrations are nominal values. 
 
 
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
10
1
10
2
0.0
0.2
0.4
0.6
0.8
1.0
 [PS
50
-PVP
50
]
26
 [PS
102.5
-PVP
20.5
]
26
 [PS
103.8
-PVP
11.5
]
26
[g
2
 (
)
-1
]1
/2
 (ms)
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
10
1
10
2
0.0
0.2
0.4
0.6
0.8
1.0
 [PS
53.8
-PVP
53.8
]
40
[PS
106.3
-PVP
21.3
]
40
 [PS
108
-PVP
12
]
40
[g
2
 (
)
-1
]1
/2
 (ms)
10 100 1000
0.0
0.2
0.4
0.6
0.8
1.0
A
(
)
/A
(
)
m
a
x
R
h
 (nm)
 [PS
50
-PVP
50
]
26
 [PS
102.5
-PVP
20.5
]
26
 [PS
103.8
-PVP
11.5
]
26
10 100 1000
0.0
0.2
0.4
0.6
0.8
1.0
A
(
)
/A
(
)
m
a
x
R
h
 (nm)
 [PS
53.8
-PVP
53.8
]
40
 [PS
106.3
-PVP
21.3
]
40
 [PS
108
-PVP
12
]
40
(C)
(A)
(D)
(B)
  89 
Figures 4-2A and 4-2B show the fits of the mean decay rate, Г, versus q2 for each of the 
26-arm and 40-arm stars, at c = 2.5 mg/mL in toluene. Because the light intensity autocorrelation 
functions for the star copolymers were well-fit with a single exponential decay functions, there is 
a single decay mode that displays a linear dependence on the scattering wave vector, as shown in 
Figures 4-2A and 4-B. The slight upturn at high q is a result of the high Mw of the stars.
137
 Best-
fit lines intersect the y-axis at Г   0, which suggests that the particle motion is governed solely 
by diffusive processes.
96
 As a result, the slope of the line for each star yields the solution 
diffusion coefficient, Ds, and from it, the corresponding Rh,app can be calculated using the Stokes-
Einstein relation. The values of these are given in Table 4-1. The slope of the best-fit line 
through the data plotted as Γ/q2 versus q2 (at 36 different scattering angles) for each of the 26-
arm and 40-arm stars shown in Figures 4-2C and 4-2D suggest slight deviation from 
homogeneous hard sphere diffusive behavior because of the small but noticeable q-dependence 
over the angular range studied.
44
 The angular dependence also suggests non-rigid particles whose 
internal motions vary from the center of mass.
66
 This subtle but important characteristic of the 
solution behavior of the stars will be revisited in a later section. The values of the Rh,app obtained 
from <D>z are reported in Table 4-1.  
From the plots in Figure 4-2, it is evident that the 26-arm stars diffuse at a faster rate than 
the 40-arm, stars and as the total Mw of the stars increases, the stars diffuse at a slower rate, 
which suggests larger hydrodynamic radii. The two methods of data fitting, using either the slope 
from Γ versus q2 or the y-intercept of Γ/q2 versus q2, can yield different apparent hydrodynamic 
radii, as observed from the values reported in Table 4-1. The 26-arm star [PS50-PVP50]26, which 
has an S/V ratio of 1, shows the largest difference in Rh,app as a result of the two fitting methods. 
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The Rh,app values calculated for the other star block copolymers by the two methods are otherwise 
consistent. Because the method of Γ/q2 versus q2 is more sensitive to dust, noise, and other 
sources of error, the true Rh at infinite dilution was calculated from <D>z values obtained using 
data cast in this fashion. These results are discussed in a later section.  
The hydrodynamic radius calculated for stars [PS103.8-PVP11.5]26 and [PS106.3-PVP21.3]40 in 
THF at a concentration of 3.06 and 2.06 mg/mL respectively are shown in Table 4-1. When 
dissolved in THF, a thermodynamically good solvent, it is expected that both of the blocks are 
well solvated and resist aggregation. However, it is observed that samples [PS103.8-PVP11.5]26 and 
[PS106.3-PVP21.3]40 have similar hydrodynamic radii in both the selective and the non-selective 
good solvents used here. This behavior suggests that even in a solvent selective for the inner PS 
blocks, these stars are not forming multimolecular aggregates in solution.  
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Figure 4-2. Mean decay rates, Г, versus q2 for the (A) 26-arm stars in toluene at c = 2.5 mg/mL 
and for the (B) 40-arm stars in toluene at c = 2.5 mg/mL. For plots (A) and (B) the solution 
diffusion coefficient, Ds, is obtained from the slope of the best-fit lines. The data, when recast as 
Γ/q2 versus q2, allow <D>z to be obtained for the (C) 26-arm stars in toluene at c = 2.5 mg/mL 
and the (D) 40-arm stars in toluene at c = 2.5 mg/mL by extrapolating the best fit line to q
2
 = 0. 
The dependence of Γ/q2 with respect to q2 for all samples suggests that in a selective solvent for 
the inner block, the star diblock copolymers do not behave as hard spheres. Concentrations are 
nominal values. 
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Each of the star block copolymers was investigated by SLS, and representative results are 
shown in Figure 4-3, which displays the Zimm plots obtained for [PS103.8-PVP11.5]26 in the PS-
selective solvent toluene (left), and in the non-selective good solvent, THF (right). Zimm plots 
for all of the other stars are available in Appendix B. Because the intensity of the scattered light 
is proportional to the molecular weight of the scattering particle and 2)/( dcdn ,
138
 SLS provides 
an absolute measurement of the apparent weight-average molecular weight, Mw,app. The Mw,app, 
Rg, and A2 values obtained from a series of SLS experiments at different concentrations (at least 
2) and at numerous scattering angles
61
 are presented in Table 4-2. From Table 4-2 it should be 
noted that the Mw,app, Rg, and A2 are of the same order-of-magnitude in both THF and toluene, 
which along with the hydrodynamic radii shown in Table 4-1, suggest that the amphiphilic star 
diblock copolymers remain as isolated, unimolecular stars in a selective solvent as well as in a 
thermodynamically good solvent for both blocks. SLS yields similar Rg values for the 26-arm 
stars, with [PS50-PVP50]26 having the smallest Rg value, followed by [PS103.8-PVP11.5]26 and 
[PS102.5-PVP20.5]26. This pattern of behavior is consistent across the 40-arm stars, where the Rg of 
[PS53.8-PVP53.8]40, is 1.4 times smaller than the Rg of stars [PS108-PVP12]40 and [PS106.3-
PVP21.3]40. This trend is a direct result of the Mw,app and the S/V ratio: [PS50-PVP50]26 has the 
smallest Rg because it has the smallest Mw,app and S/V ratio, while [PS102.5-PVP20.5]26 has the 
largest Mw,app (and an S/V=5). These results suggest that molecular weight of the PS block 
defines the size of the individual stars. The 26- and 40-arm stars of S/V=1, which have PS block 
sizes of nominally 50 kDa, clearly are smaller than the stars having PS block sizes that are 
nominally 100 kDa. The large difference in Rg between the 40-arm stars and the 26-arm stars is 
due to the dense topology of the macromolecule. Because of the large number of arms, size and 
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solution self-assembly is dominated by the intraparticle microphase separation and inter-arm 
repulsion.  
Some insight into the shape of the stars can be gained from light scattering. The ρ-ratio 
(≡Rg/Rh,0) for each star in toluene is close to 1.0, which indicates Gaussian soft sphere, rather 
than hard sphere behavior.
66
 In THF, star [PS103.8-PVP11.5]26 has a ρ-ratio of 0.74, which suggests 
homogeneous hard sphere behavior.
66
 These results point to the possibility that stars have 
different morphologies depending on solvent type, number of arms, and S/V ratio. Therefore, 
TEM also was used to image the star block copolymers, and these results are presented later. 
 
 
Figure 4-3. Zimm plots for star [PS103.8-PVP11.5]26 in toluene, a selective solvent for the inner PS 
blocks (left), and in THF, a non-selective good solvent (right). Properties determined from the 
extrapolations to zero scattering angle, q
2
 = 0, and to zero concentration, c = 0 are set above each 
Zimm plot. 
 
Mw,app = 1.25 10
7 g/mol
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Table 4-2. Static light scattering results for 26- and 40-arm star diblock copolymers. 
 
aMeasured at λ = 658 nm. bRg determined from Zimm analysis using at least 2 different 
concentrations. 
c
Apparent molecular weight, Mw,app, determined from SLS experiments. 
d
The   
ratio is defined as  =Rg/Rh,0  
e
Ratio describing the thermodynamic and hydrodynamic 
interactions VT = RT/Rh,0  
  
Sample ID S/V 
dn/dc
a
 
(mL/g) 
R
g
b
 
(nm) 
A
2
 
(cm
3
mol/g
2
) 
M
w,app
 (g/mol)
c  d RT 
(nm) 
VT
e 
Toluene 
[PS50-PVP50]26 1 0.104 46 
51020.5   61035.4   0.96 45 0.94 
[PS102.5-PVP20.5]26 5 0.097 53 
51046.5   71005.2   0.95 129 2.3 
[PS103.8-PVP11.5]26 9 0.106 50 
51031.2   61087.7   0.94 74 1.85 
[PS
53.8
-PVP
53.8
]40 1 0.107 56 51089.3   71007.1   0.95 75 1.27 
[PS
106.3
-PVP
21.3
]40 5 0.106 75 51011.3   71070.5   0.88 211 2.5 
[PS
108
-PVP
12
]40 9 0.085 79 51091.3   71013.1   1.00 77 0.97 
THF 
[PS103.8-PVP11.5]26 9 0.176 40 
51020.1   71025.1   0.74 56 1.04 
[PS
106.3
-PVP
21.3
]40 5 0.192 75 51070.1   71033.5   0.93 165 2.11 
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Additional insight into the interaction between stars in solution can be obtained from 
values of the thermodynamically effective equivalent sphere radius, RT. In contrast to Rh,0 that is 
derived from extrapolation to zero concentration, RT is a result of the concentration dependence 
of light scattered and is calculated according to
46
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 (4.1) 
RT values are listed in Table 4-2 for the stars in toluene and THF along with the ratio VT 
= RT/Rh, which compares the relative importance of thermodynamic and hydrodynamic 
interactions between macromolecules and solvent. When this ratio is close to unity, it suggests 
that the thermodynamic and hydrodynamic interactions act over similar distances and as the ratio 
approaches zero, the corona makes no contribution to the excluded volume indicating theta 
solvent conditions.
139
 The VT for all stars are reported in Table 4-2.  
 
4.4.2 Concentration study 
The effect of solution concentration on the size of the star block copolymers was 
examined using light scattering measurements, and the results are presented in Figure 4-4. Figure 
4-4A shows the concentration dependence of Rh for the 26- and 40-arm stars in toluene. For all 
samples, ranging from low (c ≈ 0.001 mg/mL) to high concentration (≈ 5.5 mg/mL), the Rh 
remains constant. This lends further support to the conclusion that these stars form unimolecular 
micelles in toluene, resisting aggregation as the concentration is increased due to the shielding 
effects brought about by the large number of arms.
43
 Because these systems maintain these 
behaviors over a wide range of concentration, it suggests that amphiphilic star block copolymers 
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are promising candidates as nano-carriers for a variety of applications.
140
 The change in <D>z 
over the concentration range studied is presented in Figure 4-4B. Values of D0 were extracted 
from the y-intercept of the best fit line according to equation 2.17 and kD values were obtained 
from the slope. These are presented in Table 4-1 and Table 4-3, respectively. kD values can be 
used to gain insight into the thermodynamic and frictional interactions between polymer and 
solvent. For these stars in toluene, the small but negative kD values seem to suggest poor solvent 
conditions due to attractive interactions between the stars,
36,96,141
 but the DLS measurements give 
no indication of aggregation. According to Lodge et al.,
36
 kD can be defined as kD = 2A2Mw−kf, 
where kf characterizes the frictional drag that opposes the motion of the molecule. For all stars in 
toluene and for star [PS103.8-PVP11.5]26 in THF, A2 values are all positive. The fact that kD values 
of the stars in toluene are less than 0 means that kf is greater than 2A2Mw, which implies that 
frictional interactions are stronger than thermodynamic star-star interactions. This behavior has 
also been observed for PI and PS homopolymer stars in good solvents.
142-143
 For star [PS
106.3
-
PVP
21.3
]40 in THF, the kD value is small but positive, which suggests good solvent conditions and 
that the thermodynamic star-star interactions are greater than frictional interactions. Overall, the 
kf values show a very interesting dependence on the design of the star block copolymers: Stars of 
S/V = 5 exhibit greater frictional interactions (kf) than the other compositions, both in toluene 
and THF, and the 40-arm stars have larger kf values compared to their 26-arm analogs. 
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Figure 4-4. Dependence of Rh on concentration for 26- and 40-arm stars in toluene (A). 
Dependence of <D>z on concentration for 26- and 40-arm stars in toluene (B). Comparison of 
the concentration dependence of Rh for samples [PS103.8-PVP11.5]26 and [PS106.3-PVP21.3]40 in 
toluene and THF (C), the concentration dependence of Rg for 26- and 40-arm stars in toluene 
(D). (Solid lines in (B) are fits to the data obtained from equation 2.17 while the dashed lines in 
(A), (C) and (D) are trend lines to guide the eye.)  
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Table 4-3. Hydrodynamic and frictional interactions for 26- and 40-arm star diblock copolymers. 
 
 
The effect of concentration on hydrodynamic size, Rh, in selective and non-selective 
solvents was investigated for two selected stars, [PS103.8-PVP11.5]26 and [PS106.3-PVP21.3]40, and 
the results are shown in Figure 4-4C. For these 26-arm and 40-arm stars, the same trend is 
observed in THF and in toluene: the Rh remains constant over the concentration range studied. Rg 
values were determined from SLS measurements to investigate the effect of branching, Mw, and 
S/V ratio as a function of concentration, and these results are shown in Figure 4-4D. The Rg 
Sample ID
a
 PDI S/V kD (mL/mg)
 kf (mL/mg)
 
Toluene 
[PS50-PVP50]26 1.23 1 
21012.1   0.464 
[PS102.5-PVP20.5]26 1.45 5 
21065.2   2.27 
[PS103.8-PVP11.5]26 1.36 9 
21042.4   0.408 
[PS
53.8
-PVP
53.8
]40 1.26 1 31088.7   0.840 
[PS
106.3
-PVP
21.3
]40 1.16 5 41072.5   3.55 
[PS
108
-PVP
12
]40 1.30 9 31041.4   0.834 
THF 
[PS103.8-PVP11.5]26 1.36 9 
21044.3   0.334 
[PS
106.3
-PVP
21.3
]40 1.16 5 31074.4   1.81 
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values are basically independent of concentration and S/V, but more dependent on the overall Mw 
and number of arms, suggesting that as the arms are diblocks of uniform Mw and composition, 
crowding induced by the number of arms dominates the size of the stars. It should be noted that 
the same trend in Rh is observed in Figure 4-4A. 
4.4.3 TEM 
The morphology of the star block copolymers was investigated by TEM using staining 
techniques involving I2, RuO4 and a combination of RuO4 and Au (III) stainings, which together 
can be used to identify the microstructural arrangement of PVP and PS blocks of the star block 
copolymers. Figure 4-5 displays TEM images of the [PS50-PVP50]26 and [PS53.8-PVP53.8]40 star 
block copolymers drop cast from toluene on copper-supported carbon film grids. Figure 4-5A 
shows an image of [PS53.8-PVP53.8]40 stained with I2.  From this image it appears that the star 
block copolymers do not have  hard sphere morphologies previously inferred from light 
scattering by Roovers et al. for highly dense 64- and 128-arm homopolymer stars in a good 
solvent.
46
 Rather, the PS-PVP star block copolymers studied here adopt oblate shapes in a 
selective solvent, with a characteristic diameter of ~30 nm. The image also confirms these stars 
remain as isolated macromolecules in solution. Figure 4-5B, acquired after I2 staining, shows that 
[PS50-PVP50]26 stars drop cast from toluene also adopt this structure with a diameter of ~20 nm. 
While I2 stains PVP only, the overall structure of [PS53.8-PVP53.8]40 sample cast from toluene 
solution is revealed when RuO4 is used to stain both PS and PVP blocks.
144
 From Figure 4-5C 
we can see that the entire star has a diameter of approximately 60 nm. Once again, it appears that 
the stars are not spherical in shape, but slightly oblate. 
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To clearly identify where the PVP blocks are in relation to the PS blocks and to 
investigate the degree of microphase separation between the two incompatible blocks, a double 
staining technique using gold (III) chloride trihydrate and RuO4 was used. The mechanism of 
gold (III) chloride trihydrate staining of PVP is described by Spatz et. al.
134
 An image of [PS53.8-
PVP53.8]40 stained in this fashion is shown in Figure 4-5D. Here the RuO4 stained PS blocks 
appear lighter than the gold-coordinated PVP blocks that have higher electron density compared 
to the PS blocks: Regions containing PVP are marked by a cluster of tiny dark spots, which are 
generated by the reduction of gold ions by the electron beam during exposure.
134
 The lighter 
regions that surround the PVP blocks are the RuO4 stained PS blocks, which otherwise would not 
be visible because of their low electron density.
136
 From the image, it is seen that the PVP end 
blocks collapse and aggregate within a region of the star, while the PS blocks stretch to remain in 
contact with the solution. In so doing, the PS chains shield the PVP blocks from the solvent, 
forming a type of asymmetric structure that is depicted in the cartoon inset in Figure 4-5D.  
The identification of a segregated morphology driven by intramolecular microphase 
separation that result in PVP blocks collapsing in the inner region seems surprising given the 
high level of geometric constraint in these star diblock copolymers. Conceptually, it might be 
reasonable to expect that the poorly solvated PVP blocks would simply collapse upon their 
contour length, segregating at the PS/PVP interface, or possibly bury themselves within the star 
as ways to minimize contact with toluene. However, both of these possibilities would lead to 
more unfavorable contacts between PVP segments and either PS segments or solvent toluene 
than if multiple PVP blocks were able to “find” each other and segregate themselves from 
toluene or PS segments. The structure in which PVP blocks are collapsed but at the periphery of 
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the structure would seem to invite multi-star aggregation. Thus, the type of structure implied by 
the image produced using dual staining (Figure 4-5D) and depicted in the inset cartoon would 
allow the stars, particularly those with long PVP blocks, to remain isolated due to repulsive 
intermolecular interactions between the well-solvated PS blocks that shield the PVP domain. 
This structural behavior also would seemingly lead to reduce frictional interactions between the 
stars. 
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Figure 4-5. TEM images of (A) the 40-arm star [PS53.8-PVP53.8]40, and (B) the 26-arm star [PS50-
PVP50]26 drop cast from toluene solutions with PVP blocks stained by iodine vapor. TEM image 
of (C) [PS53.8-PVP53.8]40 drop cast from toluene solution with both PS and PVP blocks stained 
using RuO4. TEM image of doubly-stained (D) [PS53.8-PVP53.8]40 deposited from a toluene 
solution containing gold (III), which coordinates with PVP blocks. The dried film is 
subsequently exposed to RuO4 vapors. This double staining method renders the PVP blocks 
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appear darker than the PS blocks, as described in text. Based on this series of images, a drawing 
(inset) of how the stars rearrange in toluene, a selective solvent for the PS (red) blocks, is 
developed.  
 
4.5 Conclusions 
The solution properties of six architecturally complex 26- and 40-arm star block 
copolymers of varying molecular weight, and S/V ratio have been investigated. DLS and SLS 
experiments suggest that highly dense, architecturally-complex stars with a large number of arms 
resist aggregation in solution with the overall molecular weight and the large number of arms 
dictating their solution properties. Basic physical and thermodynamic properties were measured 
and the phase behavior of the macromolecular structure was established in a selective and non-
selective good solvent. The intramolecular interactions dominate the solution self-assembly and 
phase behavior of high molecular weight multi-arm star block copolymers, helping to keep the 
stars isolated and minimizing hydrodynamic interactions between stars. It is possible that these 
behaviors are enabled by an unusual intramolecular rearrangement that allows long PVP blocks 
to be shielded, rather than collapsed and decorating the outer periphery of the star. These studies 
highlight the notions that the behaviors of topologically-complex amphiphilic block copolymers 
differ in unexpected ways from the behaviors of their linear analogs and offer new and unusual 
structures by self-assembly. From a practical point-of-view, these results suggest that high 
molecular weight and highly branched star block copolymer systems may be advantageous when 
used as nanocarriers because they remain disperse and do not disassemble as they are diluted. 
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Chapter 5: Effects of Sequence and Composition on the Self-assembly of 
Poly(lactic acid)-Poly(ethylene glycol) Bottlebrush Copolymers 
  
  105 
5.1 Abstract 
To understand links between macromolecular topology, composition, and self-assembly, 
a series of bottlebrush copolymers differing in sequence and composition were synthesized by 
ring opening metathesis polymerization (ROMP) starting from norbornenyl functionalized 
poly(ethylene glycol) (PEG) and norbornenyl functionalized poly(lactic acid) (PLA) 
macromonomers. Solution self-assembly properties of the resulting PLA-PEG random and 
diblock bottlebrush copolymers were investigated in various solvent conditions at 25 °C. The 
hydrodynamic sizes of the random bottlebrush copolymers were more sensitive to concentration 
changes in the selective solvent methanol as compared to the selective solvent water. The block 
bottlebrush copolymer maintained its characteristic hydrodynamic sizes in methanol and water, 
and readily formed large compound micelles (LCMs) at very low concentrations. The critical 
micelle concentration (CMC) of miceller aggregates formed by the random bottlebrushes was 
tuned according to the PLA/PEG composition and, in aqueous solution conditions, the structures 
were more stable due to the extremely low CMC. The PLA-PEG bottlebrush copolymers 
interfacial curvature remained constant as spherical micellar aggregates were formed by all of 
the samples in both solvents. However, different spherical core-shell structures were observed 
above the CMC depending on the side-chain ratios, solvent type, and block sequence. These 
studies highlight how macromolecular design impacts self-assembly behaviors, and as PLA-PEG 
bottlebrush copolymers are biocompatible, these types of studies are important for developing 
therapeutic systems that could function as nanocarries for drug delivery within the human body. 
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5.2 Introduction 
Bottlebrush polymers are comb-like or branched macromolecules with densely grafted 
polymeric side-chains arrayed along a linear backbone.
145-149
 The combination of sterics, size and 
topology of bottlebrush copolymers provides a variety of ways to tune structure and properties. 
As a result, bottlebrush copolymers have found use in drug delivery, molecular templating, 
tumor detection, and biological imaging.
146,148,150-151
 The unusual architecture of polymeric 
bottlebrushes can also provide novel ways to tune rheological or lubricative properties in various 
solvent conditions.
152
 The three main methods used to synthesize bottlebrush macromolecules 
are: (1) grafting onto, (2) grafting from, and (3) grafting through. In the first method, polymer 
chains having a reactive end group are attached to a linear backbone displaying complementary 
functional groups to create the bottlebrush. The grafting-from method involves creating a 
macroinitiator with active sites that are used to initiate the polymerization of the side chains. The 
third method, known as grafting-through, uses macromonomers with polymerizable end groups 
to create the graft topology.
153
 
Bottlebrush copolymers contain at least two chemically different polymeric side-chains. 
As block copolymers are known to undergo microphase segregation to produce novel nanoscale 
structures, recent efforts have been devoted to exploring the diverse self-assembly properties and 
functions of bottlebrush copolymers in solution.
149,154-156
 Similar to amphiphilic block 
copolymers,
8,27,157
 amphiphilic bottlebrush block copolymers can self-assemble, forming 
micelles in solution. Fenyves et al. synthesized amphiphilic bottlebrush block copolymers 
containing polylactide (PLA) and poly(ethylene oxide) (PEO) side chains by the grafting from 
method. The self-assembled properties were investigated upon varying the length of the PLA and 
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PEO side chains while the backbone length and symmetry was kept constant. In aqueous 
solution, cryo-TEM images revealed that PLA-PEO bottlebrush copolymers self-assembled into 
shape-dependent spherical and cylindrical micelles, as well as into bilayer structures. The 
transition in morphology was explained along the lines of changes in interfacial curvature and 
packing constraints, which were as a result of the changes in PLA and PEO composition as the 
backbone length was kept constant.
154
 
The sequence of the side chains (block versus random topology) in bottlebrush 
copolymers has been demonstrated to have a considerable impact on their self-assembly 
properties in solution.
158
 Shao et al. synthesized a series of block and random bottlebrush 
copolymers consisting of poly(oligo ethylene glycol) and poly(cholic acid) side-chains of similar 
molecular weights and comonomer ratios via ring-opening metathesis polymerization (ROMP) 
of their norbornene derivatives. In aqueous solution, both the random and block bottlebrush 
copolymers self-assembled into spherical micelles, as observed from dynamic light scattering 
(DLS) measurements and TEM imaging. The average micellar size and aggregation number 
(Nagg) of the bottlebrush block copolymer were much larger than those of the random copolymer. 
This difference in micellar size was a direct result of the sequence of the side chains, which led 
to dissimilar self-assembled core-shell structures.
158
  
Beyond this investigation, comparing the self-assembly behaviors, structure, and 
properties of random and block bottlebrush copolymers of similar composition and overall 
molecular weight remains a subject open for investigation. With this in mind, we pursue studies 
of bottlebrush copolymer design on self-assembly and structure. Four poly(lactic acid)-
poly(ethylene glycol) g-[PLA-PEG] bottlebrush copolymers differing in side chain composition 
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and block sequence but having similar overall molecular weights were synthesized and studied in 
different solvent conditions. The random bottlebrush copolymers investigated in this study were 
made by simultaneously copolymerizing norbornenyl functionalized PEG and norbornenyl 
functionalized PLA as two macromonomers via ROMP; this is a grafting through approach. 
Stoichiometric control of the two macromonomers allows for tuning the composition of the 
random bottlebrush copolymers. In contrast, the block bottlebrush copolymers in this study were 
made by polymerization of norbornenyl functionalized PLA, then subsequent addition of the 
norbornenyl functionalized PEG. Conceptually, these studies offer a way to link polymer 
topology and design with structure and properties. From a practical point-of-view, this theme of 
research is important because PLA and PEG are useful for biomedical applications because PEG 
is biocompatible and PLA is biodegradable, as proven through previous studies with linear and 
branched PLA and PEG materials.
159-162
 
 
5.3 Experimental 
5.3.1 Materials 
A third generation Grubbs’ catalyst [(H2IMes)(pyr)2(Cl)2RuCHPh] was synthesized as 
described previously
163
 and used quickly after synthesis, rather than storing for a long period of 
time. N,N-dimethyformamide (DMF, 99.8%) and methanol (MeOH, 99.8%) were purchased 
from Fisher Scientific and used as received. All other reagents were used as received unless 
noted otherwise. 
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5.3.2 Materials synthesis  
Norbornenyl-functionalized poly(ethylene glycol) (PEG macromonomer) and 
norbornenyl-functionalized poly(D,L-lactide) (PLA macromonomer) were made following 
methods reported previously
164-165
 and characterized by 
1
H NMR for end-group analysis. To 
synthesize random bottlebrush copolymers, PLA macromonomer (0.019 mmol) and the PEG 
macromonomer (0.2095 mmol) were added to a scintillation vial that had been previously oven 
dried. The vial was then capped with a rubber septum. To this vial, 3.5 mL of dry 
dichloromethane (DCM) was added and purged with nitrogen. In a separate vial, a stock solution 
(0.0023 mmol) of (H2IMes)(pyr)2(Cl)2RuCHPh in dry DCM (3.0 mL) was prepared and purged 
with nitrogen. Then, a portion of the catalyst solution (0.0023 mmol, 1 mL) was transferred via 
clean, dry syringe to the vial containing the macromonomer solution. The mixture was stirred for 
90 min at room temperature, after which time an excess of ethyl vinyl ether (EVE) (0.1 mL) was 
added via syringe to terminate the reaction. The crude reaction mixture was concentrated by 
rotary evaporation, precipitated into diethyl ether (DEE) and methanol and filtered. An excess of 
DEE was then added and the mixture was centrifuged to collect the precipitate. The solvent was 
decanted and the precipitate was isolated by vacuum-drying overnight at room temperature. 
Throughout this Chapter I refer to the bottlebrushes by specifying numerical subscripts for each 
block that indicates the volume fraction of either PLA or PEG side chains in the copolymer, and 
using r to indicate a random incorporation of the macromonomers and b to indicate a diblock 
bottlebrush. 
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5.3.3 Methods and characterization 
1
H NMR spectroscopy was performed using a Varian Unity 500 wide bore multinuclear 
spectrometer with deuterated chloroform as solvent. Size Exclusion Chromatography (SEC) was 
performed using an Agilent 1260 Infinity Binary pump equipped with Agilent 1200 Series PDA 
detector, a Wyatt Dawn Heleos II 18-angle laser light scattering detector. THF was used as 
eluent and ASTRA 6.1 software was used to calculate absolute molecular weight from light 
scattering. dcdn /  for SLS was determined separately (as described in Chapter 2) on a Wyatt 
Optilab T-rEX refractometer.  
Dynamic light scattering (DLS) measurements were performed using methods previously 
described
133
 on an ALV-CGS-3 Compact Goniometer System equipped with a linearly polarized 
22 mW HeNe laser operating at a wavelength, λ, of 632.8 nm. The signal is processed using an 
ALV 7000 multiple tau (τ) digital correlator with an initial sampling time of 125 ns and the 
temperature is maintained at 25 ± 0.1 ºC in all experiments. Approximately 1.5 mL of polymer 
solution at concentrations ranging from ~0.1 – 10.0 mg/mL was added to previously cleaned, 
dust-free 10 mm borosilicate glass cuvettes and these were sealed with a Teflon cap. DLS 
measurements were made at 16 angles ranging from 20º to 146º and a counting time of 600 s was 
used at each angle for solutions having a concentration of 5.0 mg/mL or greater. As the 
concentration was decreased from that level, the counting time was increased in order to obtain 
reliable statistics for the light intensity autocorrelation function, g2(q,τ). 
Transmission electron microscopy (TEM) samples were prepared by drop casting ~20 μL 
of solution onto copper supported carbon film grids, and each film was allowed to dry. The films 
were directly imaged without staining. Images were obtained from a Zeiss Libra 200 MC 
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transmission electron microscope and Gatan UltraScan US1000XP CCD camera was used to 
record the images using the Digital Micrograph software package. 
For cryogenic-transmission electron microscopy (cryo-TEM) imaging, the micellar 
solution was first cooled to 4 °C in order to slow the evaporation of the solvent while blotting the 
excess liquid from the lacey carbon films. Droplets of the solution were deposited onto lacey 
carbon film grids, and excess fluid was blotted to create ultrathin layers of the solution spanning 
the holes of perforated carbon films. The grids were immediately plunged into liquid ethane. 
Vitrified samples were transferred under liquid nitrogen into the microscope using the Gatan 626 
cryo-holder and stage, which maintains sample temperature at -175 °C throughout imaging. 
 
5.4 Results and Discussions 
5.4.1 Synthesis of bottlebrush copolymers 
 A bottlebrush diblock copolymer and a series of random bottlebrush copolymers were 
synthesized by ROMP using norbornenyl functionalized PEG and norbornenyl functionalized 
PLA as two macromonomers as shown in Scheme 5-1 and Scheme 5-2. PEG and PLA 
macromonomers were synthesized separately. The bottlebrush copolymers were characterized by 
NMR and is described in previous publications.
164-166
 The composition of the random bottlebrush 
copolymers was altered by simply adjusting the stoichiometry of PEG and PLA macromonomers 
in the feed. The molecular characteristics of the macromonomers, g-[PLA-r-PEG] (where g 
stands for bottlebrush and r stands for random) and g-[PLA-b-PEG] (where g stands for 
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bottlebrush and b stands for block) are given in Table 5-1. The subscripts indicate the volume 
fraction of each type of side chain within the bottlebrush. 
 
Table 5-1. Molecular characteristics of PLA-PEG bottlebrush copolymers, where r indicates 
random and b indicates a block copolymer and their macromonomers. 
Sample ID 
MolPLA 
(%)
a
 
MolPEG 
(%)
a
 
VolPLA 
(%)
b
 
VolPEG 
(%)
b
 
Mn
c
 
(kDa) 
Mw
c
 
(kDa) 
Đc 
PLA macromonomer -- -- -- -- 1.57
a 
-- -- 
PEG macromonomer -- -- -- -- 2.10
a 
-- -- 
g-[PLA36-b-PEG64] 44 56 36 64 164.3 188.8 1.14 
g-[PLA41-r-PEG59] 49 51 41 59 144.6 153.0 1.06 
g-[PLA13-r-PEG87] 17 83 13 87 178.0 196.8 1.10 
g-[PLA7-r-PEG93] 9 91 7 93 162.4 179.4 1.10 
 
a
Determined by 
1
H NMR. 
b
Determined by 
1
H NMR using density of PLA (1.25 g/cm
3
)
167
 and 
PEG (1.20 g/cm
3
)
168
. 
c
Determined by refractive index detector considering dn/dc of PLA and 
PEG bottlebrush copolymers in DMF using poly(ethylene oxide) standards. 
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Scheme 5-1. Reaction scheme used to make PLA-r-PEG bottlebrush random copolymers.  
 
Scheme 5-2. Reaction scheme used to make PLA-b-PEG bottlebrush block copolymers. 
hydrophilic
hydrophobic
3rd
generation 
Grubbs’ 
catalyst
CH2Cl2
3rd
generation 
Grubbs’ 
catalyst
CH2Cl2
  114 
5.4.2 Effect of composition and concentration on self-assembly in solution  
The solution self-assembly properties of the three g-[PLA-r-PEG] copolymers were 
studied by DLS at four different concentrations in methanol, a selective solvent for the PEG side 
chains. The DLS data for g-[PLA41-r-PEG59] are shown in Figure 5-1 and summarized in Table 
5-2. Figure 5-1A shows the normalized light intensity autocorrelation functions at 25.0 ±0.1 °C 
for g-[PLA41-r-PEG59] at concentrations of 1.0, 2.0, 5.0, and 10.0 mg/mL (nominal values). The 
light intensity autocorrelation function starts at a lower value for c = 1.0 mg/mL but gradually 
increases as concentration increases. The data also shows that as concentration increases, the 
correlation in scattered intensity increases, which indicates an increase in the size and the 
number of scattering particles in solution. This increase in size is also seen in the normalized 
amplitude distribution of decay rates, which are shown in Figure 5-1B. At low concentrations, 
the normalized amplitude distribution of decay rates is very narrow and well defined, and as a 
result, the light intensity autocorrelation functions for sample g-[PLA41-r-PEG59] at c = 1.0 and 
2.0 mg/mL are well-fit with a single exponential decay function. At these low concentrations 
where only a single decay mode is observed, the angularly-dependent mean decay rate, Γ, 
normalized by the square of the scattering wave vector, Γ/q2, can be plotted versus q2 as shown 
in Figure 5-1C, with the best-fit line extrapolated to zero scattering angle used to obtain the 
concentration dependent z-average apparent diffusion coefficient (Dapp). The apparent 
hydrodynamic radius (Rh1) can be calculated from Dapp using the Stokes-Einstein relation: Rh1 = 
9.0 and 10.0 nm at c = 1.0 and 2.0 mg/mL, respectively. These data analysis procedures, 
including permutations used to handle situations where there is more than one population of 
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scatterers as described in Chapter 2, were performed for all of the g-[PLA-r-PEG] bottlebrush 
copolymers, and the results are given in Table 5-2.  
DLS and SLS measurements were also made on g-[PLA41-r-PEG59], g-[PLA13-r-PEG87] 
and g-[PLA7-r-PEG93] in DMF (a thermodynamically non-selective good solvent) at 1.0 mg/mL, 
3.0 mg/mL, and 9.0 mg/mL. The apparent hydrodynamic radius at c = 9.0 mg/mL was found to 
be ~10 nm (see Appendix C), which is in good agreement with results obtained in the selective 
solvent methanol. Therefore, these measurements indicated that the Rh1 values determined at 1.0, 
2.0, 5.0 and 10.0 mg/mL for g-[PLA41-r-PEG59] represent single chains in methanol. Static light 
scattering (SLS) measurements were also conducted on g-[PLA41-r-PEG59], g-[PLA13-r-PEG87] 
and g-[PLA7-r-PEG93] in DMF, and Zimm plots and results extracted from extrapolations (Mw, 
A2, and Rg) for g-[PLA41-r-PEG59], g-[PLA13-r-PEG87], g-[PLA7-r-PEG93] can be found in 
Appendix C.  
As the concentration of g-[PLA41-r-PEG59] is increased to 5.0 mg/mL in methanol, the 
normalized amplitude distribution functions begin to broaden and there is a shift to larger size. 
There is also a clear indication of the formation of a second peak indicating a second population 
of scatterers. As a result, the light intensity autocorrelation functions determined at 5.0 and 10.0 
mg/mL each were fit with and well-described by a double exponential function, and the results of 
the fits are shown in Figure 5-1D. Here, the mean decay rate associated with the fast mode yields 
a Dapp consistent with hydrodynamic size of single chains, Rh1, in solution, while the 
characteristic decay rate associated with the slow mode, which describes the second population 
of scatterers yields a Rh2 that is larger, as shown in Table 5-2. This indicates that this population 
is micellar aggregates.  
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Figure 5-1. Results from DLS measurements on g-[PLA41-r-PEG59], including (A) normalized 
light intensity autocorrelation function for g-[PLA41-r-PEG59] and the corresponding (B) 
normalized amplitude distribution of decay rates. In plots (C) and (D), Dapp is obtained by 
extrapolating the best fit line through the data cast as Γ/q2 versus q2 to q2 = 0. Resulting apparent 
Rh values are presented in Table 5-2. 
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Figure 5-2. Representative TEM image showing aggregates formed from g-[PLA41-r-PEG59] at 
(A) 5.0 mg/mL, and (B) and (C) cryo-TEM images acquired from solutions at 10.0 mg/mL in 
methanol at two different size scales. 
 
The TEM image in Figure 5-2A shows the self-assembled micellar aggregates formed in 
methanol for the g-[PLA41-r-PEG59] bottlebrush copolymer, which incorporates both 
macromonomers in roughly equal amounts, at 5.0 mg/mL. The DLS results suggest that the 
critical micelles concentration (CMC) is greater than 2.0 mg/mL but less than 5.0 mg/mL. The 
micelle structure is spherical in shape, ostensibly with the PLA block (which is not soluble in 
MeOH) forming the core and PEG blocks stabilizing the micelle by forming the corona. The 
diameter of the micelles determined from the TEM image is ~90 nm, which is in good agreement 
with the diameter determined from light scattering measurements. This is an indication of stable 
core-shell structures being formed, likely due to the uniform distribution of PLA and PEG side 
chains along the polynorbornene backbone. Cryo-TEM images in Figures 5-2B and 5-2C show 
that the stable core-shell spherical solution morphology of the g-[PLA41-r-PEG59] is maintained 
(A) (B) (C)
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at 10.0 mg/mL in methanol. From the cryo-TEM images it is seen that there is a broad 
distribution of micellar sizes within the sample, and this is in good agreement with the DLS data 
at 10.0 mg/mL, which shows a broad distribution.  
 
Table 5-2. Hydrodynamic sizes of PLA-PEG bottlebrush copolymers in methanol as a function 
of concentration. 
Concentration 
(mg/mL) 
g-[PLA41-r-
PEG59]
 
g-[PLA13-r-
PEG87]
 
g-[PLA7-r-
PEG93]
 
g-[PLA36-b-
PEG64]
 
Rh1 
(nm) 
Rh2 
(nm) 
Rh1 
(nm) 
Rh2 
(nm) 
Rh1 
(nm) 
Rh2 
(nm) 
Rh1 
(nm) 
Rh2 
(nm) 
1.0 9 - 14 - 12 - 115 483 
2.0 10 - 12 - 11 - 100 449 
5.0 8 48 10 156 10 - 74 637 
10.0 10 102 10 183 9 136 72 694 
 
 
The effect of composition on the self-assembly behavior of g-[PLA-r-PEG] bottlebrush 
copolymers was examined by increasing the incorporation of soluble PEG grafts relative to the 
insoluble PLA grafts. g-[PLA13-r-PEG87] was also studied in the selective solvent methanol 
using DLS at four different concentrations, c = 1.0, 2.0, 5.0, 10.0 mg/mL (nominal), and the 
results are presented in Table 5-2. At this copolymer composition, the solution concentration 
seems to have a minimal effect on the value of the normalized light intensity autocorrelation 
functions at short lag times, τ, as shown in Figure 5-3A. However, the shape of the 
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autocorrelation function seems to change at longer lag times as concentration increases. These 
distinctive behaviors evident in the light intensity autocorrelation functions suggest stronger 
scattering as concentration increases that evolves to a bimodal mixture of single chains and 
micellar aggregates in solution. This is borne out by the distributions of decay rates shown in 
Figure 5-3B, where the double distribution of the normalized amplitude distribution of decay 
rates suggests that single chains and micellar aggregates are present at all four concentrations. If, 
in fact, micelles are present at 1.0 mg/mL, then one would conclude that the CMC for g-[PLA13-
r-PEG87] is lower than the CMC for the g-[PLA41-r-PEG59] bottlebrush, which has a higher level 
of incorporation of PLA, which is insoluble in methanol. This aspect was investigated 
thoroughly in the analyses of DLS data. The light intensity autocorrelation functions for g-
[PLA13-r-PEG87] at 1.0 and 2.0 mg/mL was fit with a single exponential function (Figure 5-3C) 
and the results are shown in Table 5-2. The results from the double exponential fit of the light 
intensity autocorrelation functions g-[PLA13-r-PEG87] at 1.0 mg/mL and 2.0 mg/mL are shown 
in Figure C8 of Appendix C. As seen in Appendix C, data acquired at many of the scattering 
angles has been omitted in order to obtain the best fit line to the data in plots of Γ/q2 versus q2 to 
achieve hydrodynamic that are consistent with those suggested by the normalized amplitude 
distribution of decay rates. In view of this, it seems that the data do not support the claim that 
two distributions are, in fact, present at c = 1.0 and 2.0 mg/mL – simply put, one is asking too 
much from the light scattering data to create a story that is consistent with two scattering modes. 
As a result, a single decay mode representing a single population of scatterers is more 
appropriate. The normalized light intensity autocorrelation functions at 5.0 and 10.0 mg/L were 
well-fit with a double exponential function, and the results plotted as Γ/q2 versus q2 are shown in 
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Figure 5-3D. In both Figure 5-3C and 5-3D, best-fit lines extrapolated to q
2
 = 0 were used to find 
Dapp values, and from these, apparent Rh values were calculated and are presented in Table 5-2. 
Similar procedures were followed for g-[PLA7-r-PEG93] and g-[PLA36-b-PEG64] copolymers to 
complete Table 5-2. The data show that micellar aggregates formed by self-assembly for g-
[PLA13-r-PEG87] are much larger compared to those formed from g-[PLA41-r-PEG59]. Because 
the total molecular weight of the copolymer was fixed and the random bottlebrushes are made 
from the same macromonomers, it stands to reason that the micelles are larger because the 
thickness of the PEG shell increases as the PEG to PLA ratio increases.  
The relative composition of the g-[PLA13-r-PEG87] bottlebrush copolymer in which the 
corona forming PEG blocks are more prevalent than the core forming PLA blocks suggests a 
highly swollen corona with stretched PEG chains that leads to an increase in the hydrodynamic 
radius. TEM images at 5.0 mg/mL in Figure 5-4A and 5-4B shows non-spherical micellar 
structures. The aggregate sizes taken from TEM are slightly smaller than the DLS sizes due to 
either difficulty in imaging a strongly swollen corona or because the highly swollen coronal side 
chains collapse upon solvent removal. Cryo-TEM images also show aggregates having curved 
interfaces but slightly irregular structures at 10.0 mg/mL. The micellar structures formed by the 
g-[PLA41-r-PEG59] bottlebrush are more regular as compared to those formed by the g-[PLA13-r-
PEG87] bottlebrush. 
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Figure 5-3. (A) Normalized light intensity autocorrelation function and (B) normalized amplitude 
distribution of decay rates for g-[PLA13-r-PEG87] in methanol as a function of concentration. For 
plots (C) and (D), Dapp is obtained by extrapolating the best fit line through data cast as Γ/q
2
 
versus q
2
 to q
2
 = 0. Resulting apparent Rh values are presented in Table 5-2. While a small 
population of larger scatterers seems to be present at 1.0 and 2.0 mg/mL, as described in the text, 
careful data analysis at all scattering angles does not support the conclusion that both modes are, 
in fact, present.  
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Figure 5-4. Representative TEM images for g-[PLA13-r-PEG87] in methanol at (A) and (B) 5.0 
mg/mL at two different image size scales and (C) a cryo-TEM image for g-[PLA13-r-PEG87] at 
10.0 mg/mL. 
 
Further decreasing the PLA to PEG ratio leads to a considerable change in the self-
assembly properties in methanol. As shown in Figure 5-5B, the g-[PLA7-r-PEG93] resists 
aggregation, displaying very narrow, well defined distributions centered at ~10 nm until the 
concentration is increased to 10.0 mg/mL. As shown in Figure 5-5A, at all concentrations studied 
the normalized light intensity autocorrelation functions begin at similar values and decay at 
similar lag times. However, the correlation function at 10.0 mg/mL has a slightly different shape 
at longer lag times, which suggests the onset of micellization. Each of the normalized light 
intensity autocorrelation functions produced at c = 1.0, 2.0, and 5.0 mg/mL was well-fit with a 
single exponential function. The data shown in Figure 5-5C is plotted as Γ/q2 versus q2, as 
previously described, and the Dapp values determined by extrapolation were used with the 
Stokes-Einstein relation to produce the apparent Rh values, which are summarized in Table 5-2. 
At 10.0 mg/mL the normalized light intensity autocorrelation function was fit with a double 
(A) (B) (C)
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exponential function; however, the data was extremely noisy indicating that this concentration 
may be close to the CMC. At this concentration, values of Dapp were extracted from the best fit 
line to the data extrapolated to q
2 
= 0 using only data acquired at large scattering angles. Because 
of this and as described earlier, the hydrodynamic sizes should be examined very closely. 
Nevertheless, the data are suggesting that the CMC has increased as the content of solvophobic 
PLA decreases in the random copolymer. This increase in CMC is likely a direct result of the 
bottlebrush having improved solubility due to the PEG content. Furthermore, it may be 
anticipated that there would be a large entropic penalty that results from reorganization of the 
sidechains to enable the solvophobic PLA blocks to aggregate, driving self-assembly. In other 
words, the soluble PEG side chains do an excellent job of shielding and preventing the PLA 
blocks from coalescing. Despite the resistance of the g-[PLA7-r-PEG93] toward micellization, 
both DLS and cryo-TEM provide evidence of micelle formation. The cryo-TEM images acquired 
at 10.0 mg/mL (shown in Figure 5-6) reveal that the morphology of the weakly aggregating g-
[PLA7-r-PEG93] appears to be spherical. While there are a large number of micelles shown in 
this image, that was not the case over the entire lacey carbon film grid – many areas had few, if 
any, micelles. 
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Figure 5-5. (A) Light intensity autocorrelation function for g-[PLA7-r-PEG93] and (B) 
normalized amplitude distribution of decay rates. For plots (C) and (D), Dapp for g-[PLA7-r-
PEG93] is obtained by extrapolating the best fit line through the data cast as Γ/q
2
 versus q
2
 to q
2
 = 
0. The apparent hydrodynamic radii are given in Table 5-2. 
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Figure 5-6. Cryo-TEM images acquired from a region on a lacey carbon film grid where there 
was a high density of aggregates. Images (A) and (B) are acquired for g-[PLA7-r-PEG93] at 10.0 
mg/mL in methanol. 
5.4.3 Effect of sequence on self-assembly 
Random copolymers often behave like simple single component systems, while linear 
diblock copolymers are well known and often studied for their ability to undergo microphase 
segregation. In the case of bottlebrush copolymers, the sequence of side chains in bottlebrush 
copolymers can dictate the hydrodynamics of the self-assembled aggregates in solution.
158
 To 
examine sequence effects, a single diblock bottlebrush was synthesized and studied.  
As seen in Figure 5-7B, the g-[PLA36-b-PEG64] bottlebrush diblock copolymer formed 
micellar structures at very low concentrations. Furthermore, the normalized amplitude 
distributions of decay rates at all four concentrations are very broad – broader than distributions 
determined for any of the random copolymer bottlebrushes. This breadth is an indication of very 
high polydispersity of the micellar aggregates formed in solution. The normalized light intensity 
(A) (B)
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autocorrelation functions at all concentrations were well-fit with double exponential functions. 
Values of Dapp were obtained from the best fit line through the data cast as Γ/q
2
 versus q
2
 
extrapolated to q
2
 = 0. (See Figures 5-7D, E, and F.) The Stokes-Einstein relation was used to 
calculate Rh,app and the results are shown in Table 5-2. The hydrodynamic radii are larger for the 
g-[PLA36-b-PEG64] diblock bottlebrush copolymer as compared to those obtained for the random 
bottlebrush copolymers. From the TEM images shown in Figure 5-8, it is seen that there is a 
coexistence of large compound micelles (LCMs) with smaller micellar structures. The LCMs 
collapse upon drying on the carbon film TEM grids and as a result, the shape of the structure 
may be slightly changed compared to their solution structure. However, a spherical morphology 
is observed for the LCMs formed by self-assembly of g-[PLA36-b-PEG64] in methanol. 
In thinking about the characteristic sizes (Rh,app values) determined from DLS data 
analysis, it is important to bear in mind that Rh,app is a single value that characterizes the entire 
distribution. It describes the characteristic size of a hard sphere that has the same diffusional 
behavior of the population of scattering particles. Thus, while it is often useful to compare and 
contrast properties of different samples, it is important to always keep in mind the physical basis 
of numbers being compared. The increase in Rh,app may represent an increase in the number of 
chains that form the micellar structure. This change could be driven by fundamental differences 
between how random bottlebrushes and diblock bottlebrushes organize themselves into micellar 
structures formed in a selective solvent. In the case of the diblock bottlebrush, a core-shell 
structure could easily be formed because the two “halves” of the diblock arrange themselves 
across the core-corona interface without the side chains needing to stretch as shown in Scheme 
5-3. On the other hand, in a random bottlebrush, it is more difficult to form an interface by 
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segregating solvophobic and solvophilic blocks. It may be possible for the two types of chains to 
segregate to opposite sides of the backbone, but the expected entropy cost would be significant. 
Moreover, as the relative amount of solvophobic block decreases, it would seemingly be more 
difficult for the highly grafted bottlebrush to distort so that the solvophobic blocks can pack 
(minimize their contact with the solvent). Nevertheless, these basic thoughts about how random 
and diblock bottlebrushes undergo microphase segregation are consistent with the observed 
trends. The larger Rh,app observed for the diblock g-[PLA36-b-PEG64] compared to the 
corresponding random bottlebrushes may also be because the PLA chains within the core are 
more loosely packed within the structure, or a combination of both factors.  
 
 
Scheme 5-3. Schematic representation of how block and random bottlebrush copolymers self-
assemble to form single micelles in a solvent that is selective for the blue side chains. 
c > CMC
c > CMC
(2) Random Bottlebrush Copolymers
(1) Diblock Bottlebrush Copolymers
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It is observed from DLS results and TEM images for the bottlebrush copolymers studied 
that tuning side chain sequence affects the size and shape of the micellar structures, and in 
addition to regular traditional micelles, large compound micelles also are formed in methanol. 
Changing the bottlebrush copolymer sequence and composition seems to have negligible impact 
on the interfacial curvature of the micellar structures formed in methanol, as both the random and 
block form spherical micellar aggregates. When examining the effect of random bottlebrush 
composition, the composition of the graft copolymer seemed to have a remarkable effect on the 
CMC. Furthermore, the block bottlebrush copolymer seemed to form the most stable structures 
as compared to the random bottlebrush copolymers because of its remarkably low CMC. 
Generally speaking, dilution is one way to break miceillization; however the block bottlebrush 
copolymers formed well-defined micellar aggregates at very low concentrations, whereas the 
random bottlebrushes seemed to remain as single chains in solution at low concentrations. 
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Figure 5-7. (A) Light intensity autocorrelation functions for g-[PLA36-b-PEG64] at various 
concentrations in methanol, and (B) normalized amplitude distribution of decay rates, which 
suggest that micelles are formed at all of the concentrations studied. For plots (C), (D), (E) and 
(F), Dapp is obtained by extrapolating the best fit line through the data cast as Γ/q
2
 versus q
2
 to q
2
 
= 0 for g-[PLA36-b-PEG64]. Values of Rh,app are presented in Table 5-2. 
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Figure 5-8. TEM images for g-[PLA36-b-PEG64] in methanol at (A) 1.0 mg/mL (B) 2.0 mg/mL, 
(C) 5.0 mg/mL, and (D) 10.0 mg/mL. The large aggregates are large compound micelles and 
smaller aggregates are also observed. 
 
5.3.4 Self-assembly in aqueous solution 
The self-assembly of the bottlebrush copolymers was also investigated in aqueous 
solution, which is strongly selective for PEG, using DLS measurements. Hydrodynamic radii 
determined for the three random and diblock bottlebrush copolymer are given in Table 5-3, but 
details are omitted because the data analysis follows the same protocols used throughout this 
chapter. It was observed that the PLA-PEG random and block bottlebrushes form micellar 
aggregates in water at very low concentration: Figure 5-9 shows results from a typical light 
(A) (B)
(D)(C)
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scattering experiment for g-[PLA41-r-PEG59] at c = 0.5 mg/mL in aqueous solution. This sample 
was studied at a very low concentration because its solubility is significantly decreased due to 
the large PLA content. The DLS results indicate a bimodal mixture of single chains and micellar 
aggregates with hydrodynamic sizes that were much larger than those measured for the micellar 
aggregates formed from this random copolymer in methanol. In addition and for comparison 
purposes, the g-[PLA36-b-PEG64] bottlebrush copolymer of similar composition also adopted a 
bimodal distribution of sizes, with large micellar structures and single chains both being present 
at very low concentration (c = 0.1 mg/mL). Results are presented in Appendix C. This change in 
micellization behavior is as a direct result of the substantial decrease in solubility of PLA in 
water, which drives system to micellize at much lower concentrations. 
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Figure 5-9. (A) Normalized light intensity autocorrelation function, and (B) normalized 
amplitude distribution of decay rates for g-[PLA41-r-PEG59] at c ≈ 0.5 mg/mL in water. (C) Dapp 
for g-[PLA41-r-PEG59] in aqueous solution at c ≈ 0.5 mg/mL is obtained by extrapolating the best 
fit line through the data cast as Γ/q2 versus q2 to q2 = 0. Data presented in (B) and (C) clearly 
indicate two populations of scatterers of different size. Values of Rh,app are presented in Table 5-
2.  
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Table 5-3. Hydrodynamic radii of PLA-PEG random and block bottlebrush copolymers in water 
as a function of copolymer design and concentration. 
Concentration 
(mg/mL) 
g-[PLA41-r-PEG59]
 
g-[PLA13-r-PEG87]
 
g-[PLA7-r-PEG93]
 
g-[PLA36-b-PEG64]
 
Rh1 (nm) Rh2 (nm) Rh1 (nm) Rh2 (nm) Rh1 (nm) Rh2 (nm) Rh1 (nm) Rh2 (nm) 
0.1 N/A N/A 10 83 N/A N/A 104 512 
0.5 22 394 16 122 N/A N/A × × 
1.0 × × 16 142 15 215 × × 
5.0 × × 19 223 13 260 × × 
10.0 × × 20 249 14 391 × × 
 
N/A indicates that light scattering experiments were not done at these concentrations. × Indicates 
that the bottlebrush copolymer was not soluble in aqueous solution at the particular 
concentration. 
 
Because of solubility issues, only the self-assembly behavior of the g-[PLA13-r-PEG87] 
and g-[PLA7-r-PEG93] bottlebrush copolymers could be investigated over a wide concentration 
range, as evident from the results shown in Table 5-3. Figure 5-10A shows the normalized light 
intensity autocorrelation functions for g-[PLA13-r-PEG87] at concentrations of 0.1, 0.5, 1.0, 5.0, 
and 10.0 mg/mL (nominal values) in water. For all concentrations, the light intensity 
autocorrelation functions start at similar values, indicating high coherence, and decay similarly in 
terms of lag times and shape. This suggests that the structures formed by the g-[PLA13-r-PEG87] 
bottlebrush copolymer in aqueous solution are very stable throughout the concentration range 
studied. As observed from Figure 5-10B, the normalized amplitude distribution of decay rates 
are very broad, spanning from Rh ~10 nm to ~250 nm, but there is a clear indication of a second 
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distribution at small sizes, which suggests a bimodal system of single chains and micellar 
aggregates for g-[PLA13-r-PEG87] copolymer at all concentrations studied. The plots of the best 
fit line to the data cast as Γ/q2 versus q2 for g-[PLA13-r-PEG87] are shown in Appendix C. 
 
 
Figure 5-10. (A) Normalized light intensity autocorrelation function at five different 
concentrations for g-[PLA13-r-PEG87] in aqueous solution, and (B) normalized amplitude 
distribution of decay rates at five different concentrations for g-[PLA13-r-PEG87]. Both plots 
reflect similar behaviors at all concentrations studied. 
 
The self-assembly behavior of the g-[PLA7-r-PEG93] random bottlebrush copolymer in 
aqueous solution is very similar to that of g-[PLA13-r-PEG87], as seen in Figures 5-11A and B. 
The normalized light intensity autocorrelation functions show strong coherence and basically 
overlap one another at all concentrations studied. This suggests similar diffusive behavior across 
the concentration range studied, which is also reflected in the normalized amplitude distribution 
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of decay rates shown in Figure 5-11B. The distribution of hydrodynamic sizes shows there are 
bimodal distributions with sizes corresponding to single chains (characteristic Rh ~13 nm) and 
micellar aggregates having characteristic sizes of ~394 nm. (Plots of Γ/q2 versus q2 that were 
used to determine Dapp and from that, Rh,app, for g-[PLA7-r-PEG93] are provided in Appendix C.) 
The results presented in Table 5-3 indicate that there is an increase in the hydrodynamic radius of 
the large aggregates as the concentration is increased; however, this increase seems most likely 
due to an increase in the breadth of the hydrodynamic radius distribution. In consideration of the 
self-assembly properties of the both g-[PLA13-r-PEG87] and g-[PLA7-r-PEG93] bottlebrush 
copolymers in both solvents studied, it is clear that aqueous solutions readily promote the 
formation of large compound micelles (LCMs), even at low concentrations.  
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Figure 5-11. (A) Normalized light intensity autocorrelation function at three different 
concentrations for sample g-[PLA7-r-PEG93] in aqueous solution, and (B) normalized amplitude 
distribution of decay rates at three different concentrations for sample g-[PLA7-r-PEG93] in 
aqueous solution. The data reflect strong micellization behavior. 
5.5 Conclusions 
The concentration- and solvent-dependent self-assembly behavior of a series of g-[PLA-
PEG] bottlebrush copolymers were investigated in two selective solvents for the PEG side 
chains, methanol and water. This study reveals that the basic design of the g-[PLA-PEG] 
bottlebrush copolymers has a significant effect on self-assembly properties in solution. In 
general, as the solvophobic PLA content was significantly decreased, the bottlebrush copolymer 
became more soluble and this resulted in an increase in the CMC in methanol. This behavior is 
speculated to be due in large part to the large entropic penalty that results from bringing the PLA 
side chains together to form the core of the micellar structure. In aqueous solution, the 
bottlebrush copolymers readily formed micellar aggregates at very low concentrations, which, 
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indicates an increase in micellar stability in water as compared to methanol. However, it should 
be noted that as the insoluble PLA content was increased the solubility of the bottlebrush 
copolymer significantly decreases in aqueous solution. In water and methanol, the composition 
and sequence of the side chains influence the size of the self-assembled structures and the 
micellar stability and, as a result, the formation of different core shell micellar structures and 
large compound micelles was seen. In total, these results demonstrate that topological design is a 
useful way to alter self-assembly behaviors. 
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Chapter 6: Summary, Conclusions and Future Work 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  139 
6.1 Summary and conclusions 
The ability to control the self-assembly properties of amphiphilic block copolymers in 
solution and at surfaces through the synthetic design of the monomeric building blocks to 
produce novel and interesting structures or develop systems useful for devices based on soft-
matter remains a significant challenge for scientists. For example, the capability to create well-
ordered structures from binary mixtures of architecturally- and compositionally-complex 
amphiphilic block copolymers, to advance technologies such as drug delivery, and surface 
patterning for processes such as nanolithography, and highly integrated nanoscale electronic 
devices without the need to synthesize new polymers remains attractive and stimulating, but 
needs the fundamental science to understand options and possibilities.
10,16,122,169-171
 The work in 
this dissertation sheds light on this notion and answers some of the most pressing fundamental 
questions in self-assembly processing using architecturally- and compositionally-complex block 
copolymers. My work reveals important links between polymer design and the properties of the 
self-assembled structures and their binary mixtures in solution and at surfaces. Nineteen different 
amphiphilic block copolymers were used in my thesis work, including six linear poly(styrene-
block-vinylpyridine) (PS-PVP) diblock and triblock copolymers with varying block lengths; nine 
PS-PVP star diblock copolymers varying by overall molecular weight, arm number, and block 
composition; and four poly(lactic acid)-poly(ethylene glycol) PLA-PEG bottlebrush copolymers 
differing by side chain composition and sequence. Static and dynamic light scattering, atomic 
force microscopy, and cryogenic and regular transmission electron microscopy with several 
staining techniques were used to examine self-assembled structures in solution and at surfaces in 
these studies. 
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The self-assembly behavior of PS-PVP block copolymers was investigated by SLS and 
DLS in a thermodynamically non-selective good solvent (THF) and in a selective solvent for PS 
(toluene). The linear amphiphilic block copolymers in THF remained as isolated single chains in 
solution with hydrodynamic radii ranging from 8.0 nm to 14.0 nm. In toluene and above the 
CMC, the block copolymers formed micellar structures in accordance to the closed association 
model. The organization of the aggregates is such that the insoluble PVP blocks form the core 
and the soluble PS chains forms the micellar corona. The CMC of the triblock copolymers were 
higher as compared to the diblock copolymers because of the entropic penalty of looping of PS 
chains in order to organize PVP chains into the core of the ensembles. The triblock copolymers 
form flower-like micelles as compared to the star-like micelles formed by its diblock counterpart. 
This micellar behavior was also seen for triblock copolymers comprising of polyethylene oxide 
(PEO) and polybutylene oxide (PBO) constituents in the fashion of PBO-PEO-PBO in water (a 
solvent selective for PEO).
172-173
 At surfaces, thin films created by spin casting PS-PVP linear 
diblock and triblock copolymer solutions formed well defined spherical aggregates. However, as 
the S/V ratio was increased the particle sizes became smaller, and the film thicknesses decreased 
and became more uniform. 
In toluene, the 8-arm star PS-PVP diblock copolymers formed bimodal systems of 
unimolecular and multimolecular star aggregates at low and medium S/V ratios, as measured by 
DLS. However, at high S/V ratio the 8-arm stars resist aggregation due to the shielding effects 
(sterics) brought about by the well solvated PS-chains that prevent the PVP chains from 
aggregating. In contrast, 26- and 40-arm star diblock copolymers form unimolecular stars 
independent of block composition both in toluene and THF, the former being selective for PS 
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and the latter being a non-selective good solvent. Furthermore, SLS and DLS measurements and 
analyses show that the phase behavior and hydrodynamic behaviors of the 26- and 40-arm star 
diblock copolymers remain constant through a wide concentration range and exhibit similar sizes 
and properties in toluene and THF. The hydrodynamic sizes were directly related to the overall 
molecular weight of the stars, and the 40-arm stars displayed greater Rh vales as compared to the 
26-arm stars. Stained TEM images on copper-supported carbon film grids revealed an unusual 
intramolecular microphase-segregated unimolecular star structure that is driven by a 
thermodynamic balance between the chemically incompatible PS and PVP blocks and the 
interactions of each block with solvent toluene.  
In solution and at surfaces, the self-assembly of the single component PS-PVP block 
copolymers from toluene solution leads to the formation of either simple spherical micellar 
ensembles or unimolecular star structures depending on the molecular architecture and block 
composition. In contrast, binary mixtures of diblock, triblock, and star block copolymers self-
assemble into very interesting structures depending on the overall copolymer blend composition, 
block architecture, and solution concentration. AFM analyses showed that 1:1 binary mixtures of 
diblock and triblock copolymer pairs formed spherical aggregates from toluene solution. 
However, DLS measurements showed much higher hydrodynamic radii values for these mixtures 
as compared to its single component parent systems. AFM analyses of 1:1 binary mixtures of 
diblock and star block copolymers also showed simple spherical aggregates at surfaces. 
However, a binary mixture of a diblock and an 8-arm star displayed a network of worm-like 
aggregates or bicontinuous structures. Though most of the binary mixtures of diblock and star 
block copolymers form spherical aggregates at surfaces, DLS measurements and analyses for 
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some of the mixtures show triple distribution functions. This was as a direct result of the increase 
in polydispersity that is introduced into the micellar system by mixing and, in so doing, the 
kinetics of micelle formation is significantly altered.  
Binary mixtures of triblock and star block copolymers cast from toluene solutions formed 
the most complex and interesting structures at surfaces compared to those formed by mixing 
diblock and stars. Specifically, a novel “brain coral-like” hierarchical aggregate consisting of 
primary spherical and secondary worm-like structures is observed in a blend created from a 
mixture of a triblock and an 8-arm PS-PVP star block copolymer. Cryo-TEM images show that 
the hierarchical structures do not exist in solution; they form due to the substantial collapse of PS 
microdomains during the solvent removal process. In general, the AFM results prove that there 
are three typical morphologies (spherical, worm-like, and hierarchical) adopted in thin films of 
PS-PVP block copolymer binary mixtures from toluene solution created when binary mixtures 
are blended using a premixing method. 
To understand the links between block composition and sequence on the self-assembled 
properties of amphiphilic bottlebrush copolymers, a series of PLA-PEG bottlebrush copolymers 
were synthesized by ring-opening metathesis polymerization, or “ROMP”. The solution 
properties of four PLA-PEG bottlebrush copolymers differing by side chain composition and 
sequence were investigated in methanol and water over a wide concentration range. According to 
DLS measurements and analyses, in methanol, the random bottlebrush copolymer samples 
exhibit higher CMCs and smaller hydrodynamic radii as compared to the diblock bottlebrush 
copolymer. From cryo-TEM and regular TEM images, the bottlebrush copolymers form 
spherical micelles independent of block composition or block sequence. In aqueous solution 
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PLA-PEG random and diblock bottlebrush copolymers form large compound micelles and 
exhibited lower CMC values. The decrease in CMC values in water indicates that the micellar 
structures are more stable in aqueous solution. However, under aqueous conditions the diblock 
and random bottlebrush copolymer with a large PLA content was only soluble at very low 
solution concentrations. 
In summary, through this body of results, my research has shown specifically that 
architecture, composition, sequence, and concentration can have a significant impact on the 
phase behavior and self-assembled properties of amphiphilic block copolymers in solution and at 
surfaces. Perhaps more importantly, my work has revealed specific links and correlations 
between copolymer design, composition, self-assembled structure and properties in solution and 
thin films. Additionally, my work has demonstrated that binary mixtures of architecturally- and 
compositionally complex block copolymers in solution can lead to interesting and exotic self-
assembled structures at surfaces. This research has also shown that special attention has to be 
given to the choice of solvent and fabrication process of micelle formation, as this can 
significantly affect and change the self-assembly properties of micellar systems.  
 
6.2 Future work 
Detailed insight into the links between macromolecular architecture, composition, and 
block sequence and the behavior of amphiphilic block copolymer systems have been gained 
through this work; however, many fundamental questions that need to be addressed remain. 
Therefore, I expect that additional studies will be helpful to advance the understanding of the 
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self-assembly of single component architecturally complex macromolecular systems and their 
binary mixtures in solution and at surfaces. The following research is recommended: 
I. A more detailed understanding of the links between the processing method used 
to make binary amphiphilic copolymer mixtures and the resulting self-assembled 
structures can be gained by changing the mixing protocol.
56
 In Chapter 3, the 
premixing method was used to create binary blends of novel polymeric ensembles 
in solution and at surfaces. It would be very interesting to make a comparison 
between mixing protocols by investigating the postmixing method. Here, 
(micellar) solutions of each copolymer are made independently and subsequently 
mixed after equilibration. In so doing, the kinetics and thermodynamics of micelle 
formation between the block copolymers are likely to change. This change in 
processing method is expected to alter the properties of the resulting micellar 
system, and probing issues of copolymer design, size, composition and 
concentration would help clarify the role of processing and potentially provide 
useful routes to useful or unusual self-assembled structures.  
II. Although several cryo-TEM and regular TEM staining techniques are available 
and were used in my thesis work, other techniques may be useful in order to better 
understand the location and rearrangement of the chains within the micellar 
structures formed in solution. For example, a more detailed picture of the 
conformation and location of PS and PVP blocks within the single component and 
mixed micellar systems could be achieved if one of the blocks was isotopically 
labeled by substituting deuterium for hydrogen. By doing this, specifically for the 
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high molecular weight 26- and 40-arm stars, the conformation and exact location 
of each block can be better determined using small-angle neutron scattering 
techniques.
174
 In the case of PLA-PEG bottlebrush copolymer, the volume 
fraction of PLA side chains inside the core and the organization of the PEG side 
chains in the corona could be better resolved. 
III. Currently there are no studies in the literature on binary mixtures of bottlebrush 
copolymers from a thermodynamically selective solvent for one of the side 
chains. Because the solution self-assembly behavior of the PLA-PEG single 
component bottlebrush copolymers has been investigated in my thesis work. It 
would be of great interest to augment those studies by examining binary mixtures 
containing the PLA-PEG bottlebrushes used in this study. Such studies should be 
performed using methanol and water as selective solvents, focusing on the role of 
composition and sequence in both polymers used in this work. 
In total, these themes of study would further elaborate links between polymer topology, solution 
properties, and structure via self-assembly. This body of work would help to advance the 
development of novel nanostructured polymer systems by self-assembly, and inspire new ideas 
about how to translate molecular structures to larger-scale soft objects to create useful systems.   
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Appendix A - Chapter 3: Control of Self-Assembled Structure through 
Architecturally and Compositionally Complex Block Copolymer Surfactant 
Mixtures  
  
  172 
 
Scheme A-1. Model architectures of different PS-PVP block copolymers. The unimolecular 
micelles formed from multiarm stars generally have asymmetrical PVP-PS core-corona 
structures in toluene, the detailed self-assembly behaviors of multiarm stars in selective/non-
selective solvents is more complex as described in Chapter 4. 
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Scheme A-2. Effect of solvent removal on the self-assembly behaviors of PS-PVP block 
copolymers in thin films. In these drawings, the color red represents PS domains and the color 
blue represents PVP domains. 
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Figure A-1. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions (b) 
and apparent diffusion coefficient Dapp versus q
2
 (c) for sample D1 in toluene at c = 1.0 mg/mL. 
 
 
Figure A-2. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions (b) 
and apparent diffusion coefficient Dapp versus q
2
 (c) for sample D2 in toluene at c = 1.0 mg/mL. 
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Figure A-3. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions (b) 
and apparent diffusion coefficient Dapp versus q
2
 (c) for sample D3 in toluene at c = 1.0 mg/mL. 
 
 
Figure A-4. Light intensity autocorrelation function (a, d), hydrodynamic radii, Rh, distributions 
(b, e) and apparent diffusion coefficient Dapp versus q
2
 (c, f) for sample T2 in toluene at c = 1.0 
mg/mL (a, b, c) and at c = 8.0 mg/mL (d, e, f). 
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Figure A-5. Light intensity autocorrelation function (a, d), hydrodynamic radii, Rh, distributions 
(b, e) and apparent diffusion coefficient Dapp versus q
2
 (c, f) for sample T3 in toluene at c = 1.0 
mg/mL (a, b, c) and at c = 8.0 mg/mL (d, e, f). 
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Figure A-6. Light intensity autocorrelation function (a, d), hydrodynamic radii, Rh, distributions 
(b, e) and apparent diffusion coefficient Dapp versus q
2
 (c, f) for sample S1 in toluene at c = 1.0 
mg/mL (a, b, c) and at c = 8.0 mg/mL (d, e, f). 
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Figure A-7. Light intensity autocorrelation function (a, d), hydrodynamic radii, Rh, distributions 
(b, e) and apparent diffusion coefficient Dapp versus q
2
 (c, f) for sample S2 in toluene at c = 1.0 
mg/mL (a, b, c) and at c = 8.0 mg/mL (d, e, f). 
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Figure A-8. Light intensity autocorrelation function (a, d), hydrodynamic radii, Rh, distributions 
(b, e) and apparent diffusion coefficient Dapp versus q
2
 (c, f) for sample S3 in toluene at c = 1.0 
mg/mL (a, b, c) and at c = 8.0 mg/mL (d, e, f). 
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Figure A-9. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions (b) 
and apparent diffusion coefficient Dapp versus q
2
 (c) for sample S4 in toluene at c = 1.0 mg/mL. 
 
 
Figure A-10. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for sample S5 in toluene at c = 1.0 
mg/mL. 
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Figure A-11. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for sample S6 in toluene at c = 1.0 
mg/mL. 
 
 
Figure A-12. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for sample S7 in toluene at c = 1.0 
mg/mL. 
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Figure A-13. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for sample S8 in toluene at c = 1.0 
mg/mL. 
 
 
Figure A-14. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for sample S9 in toluene at c = 1.0 
mg/mL. 
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Figure A-15. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for mixture D1+T1 in toluene at c = 8.0 
mg/mL. 
 
 
Figure A-16. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for mixture D1+T2 in toluene at c = 8.0 
mg/mL. 
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Figure A-17. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for mixture D1+T3 in toluene at c = 8.0 
mg/mL. 
 
 
Figure A-18. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for mixture D1+S1 in toluene at c = 8.0 
mg/mL. 
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Figure A-19. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for mixture D1+S2 in toluene at c = 8.0 
mg/mL. 
 
 
Figure A-20. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for mixture D1+S3 in toluene at c = 8.0 
mg/mL. 
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Figure A-21. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for mixture D1+S4 in toluene at c = 8.0 
mg/mL. 
 
 
Figure A-22. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for mixture D1+S7 in toluene at c = 8.0 
mg/mL. 
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Figure A-23. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for mixture T1+S1 in toluene at c = 8.0 
mg/mL. 
 
 
Figure A-24. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for mixture T1+S2 in toluene at c = 8.0 
mg/mL. 
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Figure A-25. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for mixture T1+S3 in toluene at c = 8.0 
mg/mL. 
 
 
Figure A-26. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for mixture T1+S4 in toluene at c = 8.0 
mg/mL. 
 
  189 
 
Figure A-27. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for mixture T1+S7 in toluene at c = 8.0 
mg/mL. 
 
 
Figure A-28. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for mixture S1+T2 in toluene at c = 8.0 
mg/mL. 
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Figure A-29. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for mixture S1+T3 in toluene at c = 8.0 
mg/mL. 
 
 
Figure A-30. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for sample T1 in THF at c = 1.0 mg/mL. 
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Figure A-31. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for sample S1 in THF at c = 0.5 mg/mL. 
 
 
Figure A-32. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for sample S6 in THF at c = 0.5 mg/mL. 
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Figure A-33. Light intensity autocorrelation function (a), hydrodynamic radii, Rh, distributions 
(b) and apparent diffusion coefficient Dapp versus q
2
 (c) for sample S8 in THF at c = 0.5 mg/mL. 
 
 
 
Figure A-34. 3D AFM image of disperse micelles made by drop-casting from S7 toluene 
solution at c = 3.0 µg/mL on a silicon substrate. 
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Figure A-35. AFM height (a) and phase (b) images (10 µm × 10 µm) of the film made from 
T1+S2 block copolymer mixture at a mixing ratio of 1:1 by weight. 
 
 
 
Figure A-36. AFM height (a) and phase (b) images (10 µm × 10 µm) of the film made from 
S1+T3 block copolymer mixture at a mixing ratio of 1:1 by weight. 
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Figure A-37. AFM height (a) and phase (b) images (10 µm × 10 µm) of the film made from 
T1+S3 block copolymer mixture at a mixing ratio of 3:1 by weight. 
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Table A-1. Hydrodynamic radii of PS-PVP block copolymer mixtures (polymer I:polymer II = 
1:1, w:w) in toluene at a concentration of 1.0 mg/mL. 
 
  
mixture ID polymer I polymer II Rh1 (nm) Rh2 (nm) Rh3 (nm) 
D1+T1 D1 T1 14 212  
D1+T2 D1 T2 14 271  
D1+T3 D1 T3 11 52  
D1+S1 D1 S1 14 50  
D1+S2 D1 S2 17 247  
D1+S3 D1 S3 19 295  
D1+S4 D1 S4 28 262  
D1+S7 D1 S7 42 220  
T1+S1 T1 S1 17 176  
T1+S2 T1 S2 16 119  
T1+S3 T1 S3 15 52  
T1+S4 T1 S4 14 47 272 
T1+S7 T1 S7 75 205  
S1+T2 S1 T2 17 193  
S1+T3 S1 T3 18 198  
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Appendix B - Chapter 4: Solution Properties of Architecturally Complex 
Multiarm Star Diblock Copolymers in Non-selective and Selective Solvents for 
the Inner Block 
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Figure B-1. Zimm plot for [PS50-PVP50]26 in toluene, a selective solvent for the inner PS block. 
Properties determined from the extrapolations to zero scattering angle, q
2
 = 0, and to zero 
concentration, c = 0, are set above the Zimm plot.  
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Figure B-2. Zimm plot for [PS102.5-PVP20.5]26 in toluene, a selective solvent for the inner PS 
block. Properties determined from the extrapolations to zero scattering angle, q
2
 = 0, and to zero 
concentration, c = 0, are set above the Zimm plot. 
 
Mw,app = 2.05 10
7 g/mol
Rg = 53 nm
A2 = 5.46 10
-5 cm3 mol/g2 
K
c/
R
(m
o
l/
g
) 
q2+kc (1/um2 )
  199 
 
Figure B-3. Zimm plot for [PS
53.8
-PVP
53.8
]40 in toluene, a selective solvent for the inner PS block. 
Properties determined from the extrapolations to zero scattering angle, q
2
 = 0, and to zero 
concentration, c = 0, are set above the Zimm plot. 
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Figure B-4. Zimm plot for sample [PS106.3-PVP21.3]40 in toluene, a selective solvent for the inner 
block (top), and THF a non-selective solvent (bottom), with results from the extrapolation to zero 
scattering angle, q
2
 = 0, and zero concentration, c = 0, are set above the Zimm plot.  
Mw,app = 5.70 10
7 g/mol
Rg = 75 nm
A2 = 3.11 10
-5 cm3 mol/g2
K
c/
R
(m
o
l/
g
)
q2+kc (1/μm2)
Mw,app = 5.33 10
7 g/mol
Rg = 75 nm
A2 = 1.70 10
-5 cm3 mol/g2
K
c/
R
 (
m
o
l/
g
)
q2+kc (1/μm2)
  201 
 
Figure B-5. Zimm plot for [PS108-PVP12]40 in toluene, a selective solvent for the inner PS block. 
Properties determined from the extrapolations to zero scattering angle, q
2
 = 0, and to zero 
concentration, c = 0, are set above the Zimm plot. 
  
Mw,app = 1.13 10
7 g/mol
Rg = 79 nm
A2 = 3.91 10
-5 cm3 mol/g2 
K
c/
R
 (
m
o
l/
g
)
q2+kc (1/μm2)
  202 
 
Figure B-6. These two images show a comparison of the morphology of the 40-arm star [PS53.8-
PVP53.8]40 from THF solution (a thermodynamically good solvent for both blocks) obtained from 
two different staining techniques. (A) TEM image of the 40-arm star [PS53.8-PVP53.8]40 drop cast 
from a THF solution with both PS and PVP blocks stained with RuO4. Here, RuO4 stains the 
double bonds in the PS and PVP blocks allowing the entire structure on the copper supported 
carbon film TEM grid to be imaged. (B) TEM image of the 40-arm star [PS53.8-PVP53.8]40 drop 
cast from THF solution with only the PVP blocks stained by iodine vapor. 
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Appendix C - Chapter 5: Effects of Sequence and Composition on the Self-
assembly of Poly(lactic acid)-Poly(ethylene glycol) Bottlebrush Copolymers 
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Figure C-1. Zimm plot produced from SLS measurements on sample g-[PLA41-r-PEG59] in 
DMF, a non-selective good solvent, at three different concentrations (c = 1.0, 3.0, and 9.0 
mg/mL). Set below the plot are results from the extrapolation to zero scattering angle, q
2
 = 0, and 
zero concentration, c = 0. Mw (c) is the molecular weight that is calculated from extrapolation to 
c = 0 and Mw (q
2
) is the molecular weight that is calculated from the extrapolation to q
2
 = 0. 
Concentrations are nominal values. 
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Figure C-2. (A) Normalized light intensity autocorrelation function and (B) normalized 
amplitude distribution of decay rates for g-[PLA41-r-PEG59] in DMF at c = 9.0 mg/mL. (C) 
angularly-dependent characteristic decay rate, Γ, for g-[PLA41-r-PEG59] in DMF at c = 9.0 
mg/mL, plotted as Γ/q2 versus q2. Extrapolating the best fit line through the data to q2 = 0 yields 
the z-average apparent diffusion coefficient, Dapp. The numerical value of Dapp is then substituted 
into the Stokes-Einstein equation to calculate Rh = 9.0 nm. Concentrations are nominal values. 
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Figure C-3. (A) Zimm plot produced from SLS measurements on sample g-[PLA13-r-PEG87] in 
DMF, a non-selective good solvent, at three different concentrations (c = 1.0, 3.0, and 9.0 
mg/mL). Set below the plot are results from the extrapolation to zero scattering angle, q
2
 = 0, and 
zero concentration, c = 0. Mw (c) is the molecular weight that is calculated from extrapolation to 
c = 0 and Mw (q
2
) is the molecular weight that is calculated from the extrapolation to q
2
 = 0. 
Concentrations are nominal values. 
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Figure C-4. (A) Normalized light intensity autocorrelation function and (B) normalized 
amplitude distribution of decay rates for g-[PLA13-r-PEG87] in DMF at c = 9.0 mg/mL. (C) 
angularly-dependent characteristic decay rate, Γ, for g-[PLA13-r-PEG87] in DMF at c = 9.0 
mg/mL, plotted as Γ/q2 versus q2. Extrapolating the best fit line through the data to q2 = 0 yields 
the z-average apparent diffusion coefficient, Dapp. The numerical value of Dapp is then substituted 
into the Stokes-Einstein equation to calculate Rh = 9.0 nm. Concentrations are nominal values. 
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Figure C-5. Zimm plot produced from SLS measurements on sample g-[PLA7-r-PEG93] in DMF, 
a non-selective good solvent, at three different concentrations (c = 1.0, 3.0, and 9.0 mg/mL). Set 
below the plot are results from the extrapolation to zero scattering angle, q
2
 = 0, and zero 
concentration, c = 0. Mw (c) is the molecular weight that is calculated from extrapolation to c = 0 
and Mw (q
2
) is the molecular weight that is calculated from the extrapolation to q
2
 = 0. 
Concentrations are nominal values. 
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Figure C-6. (A) Normalized light intensity autocorrelation function and (B) normalized 
amplitude distribution of decay rates for g-[PLA7-r-PEG93] in DMF at c = 9.0 mg/mL. (C) 
angularly-dependent characteristic decay rate, Γ, for g-[PLA7-r-PEG93] in DMF at c = 9.0 
mg/mL, plotted as Γ/q2 versus q2. Extrapolating the best fit line through the data to q2 = 0 yields 
the z-average apparent diffusion coefficient, Dapp. The numerical value of Dapp is then substituted 
into the Stokes-Einstein equation to calculate Rh = 9.0 nm. Concentrations are nominal values. 
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Figure C-7. (A) Normalized light intensity autocorrelation function and (B) normalized 
amplitude distribution of decay rates for g-[PLA36-b-PEG64] in aqueous solution at c = 0.1 
mg/mL. (C) angularly-dependent characteristic decay rate, Γ, for g-[PLA36-b-PEG64] in aqueous 
solution at c = 0.1 mg/mL, plotted as Γ/q2 versus q2. Extrapolating the best fit line through the 
data to q
2
 = 0 yields the z-average apparent diffusion coefficient, Dapp. Concentrations are 
nominal values. 
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Figure C-8. Plots showing the angular dependence of the characteristic decay rates, Γ, cast as 
Γ/q2 versus q2. (A) g-[PLA13-r-PEG87] in MeOH at c = 1.0 mg/mL. Dapp is obtained by 
extrapolating the best fit lines through the data to q
2
 = 0. From those intercepts, Stokes-Einstein 
relation gives Rh,slow mode = 12 nm, and Rh,fast mode = 150 nm. (B) g-[PLA13-r-PEG87] in MeOH at c 
= 2.0 mg/mL. Dapp is obtained by extrapolating the best fit line through the data to q
2
 = 0, and the 
resulting Dapp values give Rh,fast mode = 8.0 nm, and Rh,slow mode = 270 nm. Concentrations are 
nominal values. As explained in Chapter 5 (Section 5.4.2), the need to select only certain 
scattering angles to obtain Rh values for the slow mode that are (nearly) consistent with the size 
range suggested by the amplitude distribution function make it difficult to conclude that the 
second (slow) mode is real. 
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Figure C-9. Plots showing the angular dependence of the characteristic decay rates, Γ, cast as 
Γ/q2 versus q2 for g-[PLA13-r-PEG87] in aqueous solution at (A) c = 0.1 mg/mL, (B) c = 0.5 
mg/mL, (C) c = 1.0 mg/mL (D) c = 5.0 mg/mL, and (E) c = 10.0 mg/mL. Concentrations are 
nominal values. 
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Figure C-10. Plots showing the angular dependence of the characteristic decay rates, Γ, cast as 
Γ/q2 versus q2 for g-[PLA7-r-PEG93] in aqueous solution at (A) c = 1.0 mg/mL, (B) c = 5.0 
mg/mL, and (C) c =10.0 mg/mL. Concentrations are nominal values. 
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